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ABSTRACT
Nanometer-dimension inorganic particles have been formed within the 
constrained environments provided by the spherical protein shell of the iron storage 
molecule ferritin, and a range of phospholipid and surfactant vesicles. Particles 
developed within these unique reaction volumes were of controlled size, structure, 
morphology and aggregation. The influence of the respective organic matrices on 
particle nucleation and growth was investigated from both structural and 
mechanistic viewpoints. Particle characterisation was principally performed using 
TEM and electron diffraction techniques.
Particles were synthesised within ferritin by three distinct strategies. The 
first route utilised the intrinsic catalytic and redox properties of the protein to 
reconstitute apoferritin with a range of metal ions. Evidence was obtained for the 
specific uptake of UC>22+ and Mn2+. The development of Mn-oxyhydroxide cores 
was studied, and structural elucidation of the Mn phase was accomplished using 
EXAFS. The second strategy generated protein-coated iron sulphide particles by 
reaction of native ferritin cores with sulphide reagents; characterisation was 
achieved by Mossbauer spectroscopy. Thirdly, "Magnetoferritin" molecules were 
formed by tailoring the Fe(II) reconstitution conditions so as to precipitate magnetite 
crystallites within apoferritin.
Vesicular systems were similarly employed to control crystal growth. Gold 
crystallites were developed within phosphatidylcholine (PC) vesicles. The influence 
of secondary lipids, of contrasting headgroup charge and structure, in the basic PC 
membrane was investigated. Thin-sectioning techniques permitted concomitant 
imaging of the vesicular membrane and the intravesicular crystallites. Silver 
particles were generated within dihexadecyl phosphate vesicles. A novel 
electropermeabilisation method was employed to encapsulate AgN03, and reduction 
was induced by laser photolysis. This system was utilised in electron transfer 
experiments.
Intravesicular magnetite growth in cultured magnetotactic bacteria (strains 
MV-2 and MC-1) was studied by HRTEM. It was demonstrated that the vibroid and 
coccus species displayed fundamentally different crystallographic structure, and that 
the culture medium had some influence on crystal development. Biomineralisation 
of lepidocrocite in a Poriferan Ircinia oros was compared with controlled 
crystallisation in ferritin and magnetotactic bacteria. Crystals were studied at a 
range of magnifications, and were considered to derive from homeostatic processes 
intrinsic to the organism.
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This thesis provides a study of the formation of nanometer-dimension 
particles within constrained volumes, and aims to investigate the influence of the 
crystallisation environment on the structure and morphology of particles produced. 
The topic of "small-particle" research, which describes the properties of clusters of 
atoms or molecules with agglomeration numbers of up to a few hundred (1), has 
received much interest from both an experimental (1-7) and theoretical (8,9) 
viewpoint. Such species represent an intermediate state between atomic and 
macroscopic dimensions, and, although materials in the quantum size range 
generally possess structures that are essentially identical to those of the bulk, the 
physico-chemical properties that they exhibit are frequently very different. Indeed, 
these particles are often better regarded as very large molecules (3,4).
Colloidal metal particles are valuable in the catalysis of redox processes.
This behaviour derives from their ability to accept and store a large number of 
electrons (7), and thus act as "microelectrodes". The catalytic potential of such 
metal clusters markedly depends on the number of atoms in the aggregate (10,11), 
an effect which has been related to the modifications in surface geometry and 
ionisation potential which occur as a function of the particle size (10). 
Semiconductor clusters are not only active as catalysts, but additionally show 
size-dependant electronic and photochemical properties, and notably exhibit 
nonlinear optical effects (7). Consequently, such particles have been exploited in a 
range of new materials; for example, composite materials displaying a nonlinear 
optical effect have been formed on doping polymers and glasses with semiconductor 
clusters (5).
The traditional solution-phase syntheses of colloidal particles are associated 
with problems of irreproducibility and instability (6). However, generation of 
particles within the rigid matrices provided by, for example, reverse micelles and 
microemulsions (12-14), surfactant vesicles (15-17), polymers and glasses (6) has 
enabled homogeneous populations of crystals to be produced. Indeed, zeolite hosts 
have even been utilised to form a well-ordered array of CdS clusters (5). The cluster 
surface structure is also important in defining the opto-electronic properties of
3semiconductor clusters. As such, both capping (18) and chemical passivation (19) 
techniques have been applied in syntheses in order to construct clusters of controlled 
surface structure.
Section A of this thesis describes the utilisation of the spherical protein shell 
of the iron-storage molecule, ferritin, as an environment in which to perform 
controlled crystallisation reactions. Particles were produced by invoking the 
intrinsic ion-binding and redox properties of the protein, by tailoring the 
reconstitution conditions to the precipitation of target iron-oxide phases, and by 
treating the native protein as a reaction vessel in which to carry out reactions of the 
core. Section B describes crystallisation within vesicular structures. In analogy to 
the ferritin system, particles were formed within a finite volume, and the influence 
of the environment on the product of precipitation was investigated. Section C 
discusses crystallisation within selected biological systems. Magnetite precipitation 
in magnetotactic bacteria occurs within intracellular vesicles. Strict biological 
control over the mineralisation process yields single domain particles of defined 
crystallographic structure. Thus, magnetotactic bacteria provide a biological 
equivalent to the in vitro ferritin and vesicular systems described in Sections A and 
B. Iron mineralisation within sponges was also investigated. The organism studied 
provides an example of iron biomineralisation under minimal control, in contrast to 
the strict control imposed by both the ferritin molecule and magnetotactic bacteria.
The introductory chapters to Sections A, B and C provide a description of the 
specific aims of the work given in the individual chapters comprising each of the 
Sections.
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SECTION A
SYNTHESIS OF PARTICLES 
WITHIN FERRITIN
7CHAPTER 2: INTRODUCTION
The process of Fe(II) uptake, oxidation and precipitation in the presence of 
the ferritin molecule has been the subject of considerable interest. The work 
described in this thesis aims to exploit the understanding of the biological role of 
ferritin in order to design syntheses of nanometer-dimension particles within the 
protein cavity.
2.1: BACKGROUND
Iron is an essential element to most, if not all organisms. However, the 
redox properties exhibited under physiological conditions which make iron 
indispensable in numerous electron transfer and metabolic processes can also prove 
hazardous to life. At physiological pH and oxygen pressure, the stable form of Fe is 
Fe(HI); in the absence of ferritin, oxidation of Fe(II) to Fe(m) would occur, 
resulting in the uncontrolled precipitation of ferric hydroxide. Thus, the necessity of 
sequestering iron in a soluble, non-toxic form, such that it is available to meet 
metabolic requirements, has resulted in the evolution of the iron storage protein 
ferritin. Ferritin is ubiquitous in the plant and animal kingdoms and fulfils its 
biological requirements by providing a large storage capacity for iron, together with 
a chemical environment tailored to the ready deposition, or subsequent loss of iron 
from the protein. Ferritin deriving from all species is characterised by a structure 
consisting of a multisubunit protein shell encompassing an iron oxide core. 
Conservation of molecular architecture between species suggests a strong 
structure/function correlation, and indeed, the role of the ferritin molecule structure 
in the uptake and release of iron has been the subject of intense research and 
numerous reviews (1-6). Consequently, many processes inherent in iron uptake and 
core formation by ferritin have now been elucidated.
82.1.1: Molecular Structure
Ferritin is located in most cell types of humans and other vertebrates, in 
invertebrates, higher plants, fungi and bacteria (6). The structure of all ferritin 
molecules derives from the organisation of 24 protein subunits into a roughly 
spherical shell of cubic F432 symmetry (Figure 2.1). The ferritin structure 
assembles with a large capacity for iron storage; horse spleen apoferritin, with a 
protein shell of outer diameter 125A and an inner diameter 85A (7), can store up to 
4500 iron atoms (3). The structure of subunits however, is species dependant, with 
variations being apparent in the size and primary structure. The most marked 
variation in homology is displayed by bacterioferritins, as exemplified by the 
bacterioferritin from Escherichia coli, which shows no homology with horse spleen 
ferritin (6). Ferritins from yeast (5) and bacteria (8-10) also differ from other 
ferritins in that they are hemeproteins, exhibiting often 0.5 heme groups per subunit. 
It is interesting to note that heme groups have been shown to bind to horse spleen 
ferritin at a ratio of 15-17 groups per apoferritin molecule (11). The significance of 
this observation with respect to ferritin structure and function is as yet unclear (12).
Region Residues Region Residues
N-terminal loop 1-9 CD turn 121-123
A helix 10-39 D helix 124-155
AB turn 40-44 DE turn 156-159
B helix 45-72 E helix 160-169
L loop 73-91 T C-terminal 170-174
C helix 92-120 tail
Table 2.1: Horse Spleen Apoferritin Structural Regions
A general structural description of a ferritin subunit can be given in 
consideration of the horse spleen apoferritin unit; this provides a good standard since 
the complete protein shell is composed of approximately 90% identical subunits and 
because high resolution X-ray crystallography studies have permitted the location of 
essentially all of the amino acids (6,13). The primary structure of the horse spleen 
subunit comprises 174 amino acids which orient to give a secondary structure of
Figure 2.1: Structural features of apoferritin. The quaternary structure is shown in 
the centre, and the fourfold channel (left), threefold channel (upper right) and 
subunit (lower right) are also shown. (From (5))
Figure 2.2: Generation of apoferritin molecule by interaction of hydrophobic areas 
on the dimers (From (3))
(a) Formation of a dimer buries the largest hydrophobic surface
(b) Formation of an octamer creates the fourfold channel
(c) Additional dimers orient to generate a threefold channel
(d) Additional dimers combine to form the entire molecule, where all hydrophobic 
patches are buried
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four long alpha helices and a fifth short helix. These are termed the A,B,C,D and E 
helices respectively (Figure 2.1). Helix pairs A,B and C,D are connected by short 
turns such that these helices are antiparallel, while helices B and C are linked by a 
long loop L which spans the entire length of the 4 helix bundle and lies alongside A. 
The E helix interacts with the N terminal end of the C helix, the C terminal end of 
the D helix, and the AB turn (13). The residues involved in these regions of 
secondary structure are summarised in Table 2.1. Tight packing of the folded 
helices yields a subunit which has contrasting hydrophobic and hydrophilic regions. 
Interaction of corresponding areas on subunits then results in construction of the 
apoferritin shell. One face of the subunit contains hydrophobic residues from helix 
A and loop L; this area interacts with an equivalent area on a second subunit to yield 
a dimer and thus minimises unfavourable interactions with the solvent. The exposed 
E helix face generates a second hydrophobic region and further subunit assembly 
occurs to bury that area and create a complete protein shell (Figure 2.2). 
Characteristic of the subunit packing is the formation of 8 hydrophilic and 6 
hydrophobic channels through the protein shell, which are located at the three-fold 
and four-fold symmetry axes respectively. The four-fold channels are of hour-glass 
shape, narrow to 4-5A in diameter and are lined by 12 leucine residues from the four 
E helices forming the channel. In turn, the hydrophilic channels narrow to 3-4A and 
display a basic funnel shape, opening to a wide hydrophilic area on the external 
surface (14). The hydrophilic character is generated by the presence of three 
glutamic acid and three aspartic acid residues protruding into the channel, and the 
location nearby of six serines, three histidines and three cysteines (13). The 
functional role of these channels with respect to core formation and dissolution is as 
yet uncertain, but it is considered that the three fold channels may be important in 
ion translocation across the protein (15,16).
Although the gross morphology of all ferritins is similar, tissue ferritins are 
not in fact unique homopolymers, but are families of hybrid molecules consisting of 
different proportions of two subunit types designated H (heavy) and L (light) (17).
H  and L chains show considerable homology in nucleotide and amino acid
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sequence, although isolation of the cDNA clones for human liver ferritin H and L 
chains has shown that they derive from different gene families which probably 
diverged at the time of evolution of birds and mammals (18). Sequence comparison 
between H and L chains of one ferritin type showed that the residues involved in 
intersubunit interaction are highly conserved; these groups are likely to be important 
in retention of the 3 dimensional structure of isoferritin populations (18). Many 
polar residues characteristic of the three fold channels are also highly conserved, 
indicating that this pore may be functionally active in both H and L chain ferritins.
In contrast, the major differences between H and L subunits lie in the four fold 
channels and on the hydrophilic inner protein surface (18). While the typical 
sequence identity is 60-65% between H and L chains of the same species, a much 
higher interspecies conservation of >85% is observed for a given subunit type (19). 
The residues with disordered side chains lying on the cavity surface are notably 
perfectly conserved between human and horse L ferritins (18).
The functional significance of ferritin subunit heterogeneity is as yet unclear 
(5) and has been a subject of much discussion (20-22). However, that the apoferritin 
composition is functionally significant is indicated by the fact that ferritin 
phenotypes are sensitive to different physiological conditions (17). The relative 
distribution and iron content of isoferritins is characteristic of the tissue of origin 
(21), with for example, the H subunit being more prevalent in heart as compared 
with liver ferritin (20). Changes in the subunit synthesis and isoferritin abundance 
are noted in response to iron administration (20,22), with a larger increase being 
observed in synthesis of L as compared with H chain. Contrasting data have been 
quoted for the functional behaviour of L rich ferritins in terms of iron storage 
(20,22); indeed, Trefffy et al. (20) suggested that the rate of iron oxidation correlates 
more closely with the actual or original iron content than with subunit composition.
The structure and composition of the ferritin core, as demonstrated by 
electron diffraction (23-25) and Mossbauer studies (26-28) is also 
species-dependant. Particles vary from crystalline to amorphous, and the structure 
of crystalline ferritin cores is discussed in terms of the mineral ferrihydrite
12
(5Fe203.9H20 ) (Figure 2.3). Structural characterisation of ferrihydrite by Towe and 
Bradley (29) has shown it to be similar to hematite; indexing is based on a 
hexagonal unit cell of dimensions a=5.08A and c=9.4A (29). The unit cell of 
ferrihydrite consists of four close packed oxygen layers as compared with the six of 
hematite. The Fe(DI) sites are underpopulated such that the stoichiometry is 
5Fe:120 rather than the 2Fe:30 of hematite, and some of the O2" ions are replaced 
by OH' or by water molecules. Thus, ferrihydrite can be regarded as a more 
hydrated, and correspondingly poorly ordered hematite structure. That the ferritin 
core is a low crystallinity solid reflects the ferroxidase behaviour of the protein, 
which favours the precipitation of a kinetically favoured phase in which the iron 
atoms are more labile than would be predicted for a crystalline phase. Indeed, Fe(II) 
oxidation in the absence of ferritin principally results in the precipitation of 
crystalline lepidocrocite (3).
Native ferritin cores usually also contain a quantity of inorganic phosphate 
(5). Unfractionated horse spleen ferritin exhibits P^Fe molar ratios between 1:8 and 
1:12, with higher ratios being noted when phosphate buffer is used in purification. 
Experimental evidence based on electron microscopy (24,30), phosphate binding to 
reconstituted cores (31) and reconstitution and reduction experiments carried out in 
the presence and absence of inorganic phosphate (31), has suggested that the 
phosphate located in such cores is principally absorbed on the mineral surface or in 
crystal imperfections and stacking faults, as opposed to being intrinsic to the core 
structure. In contrast, the iron cores of native bacterioferritins are rich in phosphate, 
displaying almost equimolar quantities of Fe and P*. Electron microscopic 
investigation of these cores (24,25) showed them to be an amorphous ferric 
phosphate as opposed to a ferrihydrite-phosphate. That bacterioferritins may be 
reconstituted to produce cores of greater order than their native counterparts (25), 
suggested that differences in cell physiology, which lead to the co-availibilty of iron 
and inorganic phosphate in the bacteria, could be a major influence in determining 
core structure. However, kinetic studies on core formation show that there must also 






Figure 2.3: A model for the structure of ferrihydrite. Full circles are Fe in (11(-2)0) 
and one level below. Open circles are oxygens above and below (11(-2)0) as 








Figure 2.4: The proposed ferroxidase centre of a human H-chain subunit. Three 
Tb3+ binding sites are shown (A,B and C). Sites A and B are within the subunit and 
represent the ferroxidase centre. Site C is on the cavity surface close to the putative 
nucleation site at Glu 61, 64 and 67. (Adapted from Reference (15)).
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2.1.2: Uptake and Release of Ferritin Iron
The formation of an iron oxyhydroxide core in ferritin can be considered 
analogous to other biomineralisation processes in that the protein environment has 
evolved so as to optimise the mineralisation process. Indeed, ferritin can promote 
Fe(II) oxidation to form an Fe(III) core at pH values at which no oxidation occurs in 
its absence (32,33). That apoferritin may be reconstituted in vitro with Fe(II) in the 
presence of an oxidant to form a core equivalent to that of native ferritin is well 
recognised. Studies on the Fe(II) uptake and oxidation have shown the kinetics to 
be complex, depending not only on the protein, but also on the quantity of iron 
already present (30). Addition of an Fe(II) increment to apoferritin generates 
sigmoidal uptake kinetics; hyperbolic curves result on the addition of further 
increments (30,34,35). Such observations led to the suggestion that in the absence 
of an iron core, the protein influences both the rate of oxidation of the ferrous iron 
and the atomic structure of the mineral produced. Once a stable core nucleus has 
formed, further Fe(II) may be added to and oxidised at surface sites on this core 
(34). At this stage, the development of the core may be rationalised without 
invocation of catalytic oxidation by the protein. That a single stable nucleus will 
develop at the expense of further competing nuclei has been shown by high 
resolution lattice imaging of ferritin cores, which shows that they are frequently 
single-domain particles (24,36). Thus, the principal influence of the protein is 
believed to occur at the stage of core nucleation in apoferritin, when chelation of 
Fe(II) at a ferroxidase site acts to promote oxidation.
All the kinetic studies discussed rely upon the production of an Fe(III) core, 
as determined by UV/VIS spectroscopy, as a measure of the catalytic properties of 
the protein; no distinction between the Fe(II) oxidation and core nucleation events is 
made. Bakker and Boyer (33) assayed the ferroxidase activity of ferritin in isolation 
from its role in the Fe translocation and nucleation steps by carrying out apoferritin 
reconstitution in the presence of apotransfemn. Transferrin complexes the Fe(III) 
produced on oxidation of Fe(II), prior to its deposition in the protein cavity. Their 
investigations conclusively demonstrated that apoferritin has true catalytic
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properties, and that the ferroxidase behaviour is retained after a core has formed. On 
the basis of reconstitution studies of apoferritin or ferritin, the important 
mechanisms in the Fe uptake process were rationalised as:
(1) Fe(II) enters the protein
(2) Catalytic oxidation of Fe(II) to Fe(III) occurs at a ferroxidase site provided by 
the protein
(3) So-formed Fe(III) at the protein ferroxidase site moves to a core nucleation site 
located on the inner surface of the protein
(4) Subsequent to core nucleation, oxidation proceeds on the surface of a preformed 
mineral core
Sites involved in the ferroxidase and nucleation events were investigated by a range 
of techniques. Ion-binding studies showed that a number of monatomic metal ions 
are bound by apoferritin: Cd(II), Zn(II), Mn(II), Tb(HI), UO(II) and VO(IV) (5,6). 
The displacement of both Mn(II) (7) and VO(IV) (37) by Fe(II), and the observation 
that Zn(II) and Tb(HI) affect the reconstitution process (38), indicates that these 
metal ions bind at protein sites that influence the kinetics of iron uptake. Further, 
X-ray crystallography studies of such metal ion/protein complexes suggested that 
the ferroxidase and nucleation sites involve binding by carboxylate ligands. The 
involvement of carboxylate ligands in Fe binding was also implicated by EXAFS 
studies of an Fe(m)-apoferritin complex (39), and by chemical modification 
experiments in which apoferritin was rendered catalytically inactive by reaction of 
the chemically available carboxylate groups (40).
The kinetics of iron release are also complex, and depend on pH, buffer
t
solution, the age and degree of crystallinity of cores, and also the iron content of the 
protein (6,14). Dissolution of the ferritin core is readily achieved by reduction and 
chelation of the iron. The release can be considered as a two-step process in which 
the Fe(]H) in the ferrihydrite lattice is reduced, prior to dissolution of the oxygen 
bridges binding it in the mineral structure (4). The influence of the protein shell on 
the kinetics of iron release is poorly understood (4), but is clearly important since 
isolated ferritin cores are reduced more rapidly than native cores, and do not exhibit
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comparable asymptotic kinetics (41). The reduction of ferritin cores has been 
interpreted in terms of direct attack of the reductant molecules on the mineral 
surface, and by considering an indirect electron transfer mechanism across the 
protein shell (2,14,35). The feasibility of an electron transfer process was 
demonstrated by the successful electrochemical reduction of native ferritin cores 
(42-44). Stoichiometric reduction of cores without a concomitant loss of Fe(II) from 
the protein was also achieved using dithionite (42), and large low-potential 
reductants (flavoproteins and ferredoxins) (43). It was thus suggested that redox 
reactions involving the Fe(II)/Fe(III) couple could occur without direct access of the 
reagent to the core surface. That reoxidation of the reduced cores could be achieved 
using large oxidant molecules, not capable of penetrating the protein shell further 
verified this hypothesis (43). Thus, the physical size of a reductant molecule may 
have little influence on its efficiency as a reducing agent. Indeed, the rate of 
electrochemical reduction of ferritin cores correlates closely with the reduction 
potentials of mediator molecules present (44). A reduction mechanism based upon 
electron transfer across the protein shell was thus suggested. Reduction could occur 
via long-range electron tunnelling across the 20-25A protein shell, or via mediatory 
Fe(II)/Fe(III) species bound in the protein channels (43,45). Complete reduction of 
the ferric core may be aided by "internal" electron transfer processes occurring 
within the protein structure (46).
2.1.3: Site-Directed Mutagenesis Studies of Ferritin
Recent successes in expressing recombinant human H chain (rHF) (47,48) 
and recombinant human L chain (rLF) (49,50) homopolymer ferritins in Escherichia 
coli have permitted structural studies which have significantly elucidated the 
mechanisms involved in ferritin core formation. Levi et al. (48,49) investigated the 
reconstitutions of rHF, rLF and HLF (Human Liver Ferritin) in order to compare 
their structural and functional characteristics. They demonstrated that all were 
active in Fe(II) uptake, and that in the presence of excess Fe(H) all achieved 
essentially the same saturation level. However, marked differences in uptake
17
kinetics were noted, particularly as a function of pH. At pH7, all three ferritins 
exhibited ferroxidase activity, although that displayed by rLF was analogous to 
spontaneous Fe(II) autoxidation. On reduction of pH, the activity of all samples 
decreased, with rLF failing to incorporate iron below pH6, and the ferroxidase 
activity of HLF being reduced to ~20% that of rHF. Their results suggested that 
ferroxidase activity was unique to the ferritin H chain. However, that rLF remained 
a fully functional ferritin, capable of incorporating Fe under physiological 
conditions indicated that core formation in ferritin is not dependant solely on the 
ferroxidase behaviour of the protein. Indeed, ferritin appears to take up iron by two 
distinct mechanisms, the first being driven by the H chain ferroxidase activity and 
the second by Fe(II) autoxidation occurring in the absence of the H chain. In this 
case, Fe(II) penetration into the protein cavity may precede the oxidation and 
hydrolysis steps.
Further analysis of the mechanism of iron uptake in ferritin was carried out 
using site-directed mutagenesis studies on recombinant ferritins. Mutations were 
made, based on the consideration that carboxylate ligation was involved at the 
ferroxidase site, and that the site was present only on the H chain; a 55% sequence 
homology is observed between H and L chain (51). Treffry et al. (16) investigated 
sequence changes in the three fold channels of rHF, and consequently showed that 
the residues therein were not involved in the oxidation or nucleation processes. 
However, a diminution in rate was noted in some mutants, suggesting that the three 
fold channels could provide a route by which species involved in core formation 
entered or left the protein. Extension of the mutagenesis approach by Levi et al. 
(51) demonstrated that:
(1) Interactions along the two-fold axis and at the end of the D helix are important 
for ferritin assembly
(2) Deletion or misplacing of the E helix sharply decreases ferritin stability and 
inhibits core formation
(3) Modifications of the three and four fold channels do not alter the product of 
ferritin iron incorporation
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(4) The ferroxidase site is not located at the C-terminus, around the loop, or in the 
hydrophilic channel
Thus, in keeping with the conclusions of Luzzago and Cesareni (52), it was 
demonstrated that the protein is very tolerant of extensive alterations. However, 
although deletion of the E-helix precluded iron storage by ferritin, none of the 
mutations expressed involved, or completely altered the catalytic site.
Further site-directed mutagenesis studies by Lawson et al. (15,32) were 
successful in identifying the protein ligands forming the ferroxidase centre (32).
The proposed Fe(II) oxidation site (Figure 2.4) exhibits tetrahedral geometry, and 
involves binding of the iron atom by protein residues Glu 27, Glu 62 and His 65 and 
by a water molecule in the fourth coordination position. Confirmation and further 
refinement of the ferroxidase site position was achieved through high resolution 
X-ray diffraction analysis of the metal binding sites of the CdM homopolymer (15).
A Helix B Helix C Helix D Helix
25 30 55 60 65 105 110 140
A B ’ B A  C A A A ’
+ +
C B
HuLi-H I N  L E L Y A F L H Q S H E E R E H A E K L H L E K N V L N E Q V K A
RaLi-H I N  L E L Y A F L H Q S H E E R E H A E K L H L E K S V L N E Q V K S
ChRC-H I N  L E L Y A F L H Q S H E E R E H A E K L H L E K N V L D E Q V K A
TdRC-H V N M E L Y A F K E Q S H E E R E H A E K L Q L E K T V L E E Q  V K S
HuLi-L V N L Y L Q A F R E L A E E K R E G Y E K M A L E K K L L D E E V K L
RaLi-L V N L H L R A F R E L A E E K R E G A E K L A L E K N L L D K E V K L
HoSp-L V N L Y L R A F R E L A E E K R E G A E K I V L E K S L L D E E V K L
RbLi-L V N L H L R A F R E L A E E K R E G A E K L A L E K N L L D E E V K L
KEY
1 = Human Liver H chain 2 = Rat Liver H chain 3 = Chicken Red Cells 4  = Bullfrog Tadpole Red Cells 
5 = Human Liver L chain 6 = Rat Liver L chain 7 = Horse Spleen L chain 8 = Rabbit Liver L chain
Table 2.2 : Partial Amino Acid Sequences of some ferritins (From Ref 15)
TIhe CdM mutant is generated by introduction of a metal bridge site into the rHF 
homopolymer in order to permit crystallisation. In the absence of this substitution, 
only seriously disordered crystals are obtained, which are unsuitable for high
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resolution diffraction studies (15). The human rHF structure has a novel metal site 
conserved in all H chains ferritins but not L (Table 2.2). This site is embedded 
within the bundle fold of the four alpha helices of each H chain, 7-8A from the inner 
and 10-12A from the outer surface of the molecule, and involves ligation by Glu 27, 
Glu 62 and His 65. Consideration of the subunit conformation indicates the 
presence of a 1A channel through the four helix bundle which connects the site to 
the outer and inner surfaces of the molecule. This channel is hypothesised as a 
possible route for Fe or 0 2 transit and is blocked in rLF. Examination of a Tb(III) 
derivative of CdM showed two adjacent metal binding sites, located near to the 
proposed ferroxidase site. Site A is close to the ferroxidase site of Lawson et al.
(32) and incorporates the additional ligation of Glu 107; site B is coordinated by Glu 
61, Glu 62 and Glu 107. The low density of Glu 61 in electron density maps 
suggests that this residue is capable of alternating between two positions. The 
second site (site C) is located on the internal surface of the ferritin molecule, and 
provides coordination for a third Tb(III) ion.
Investigation of the reconstitution of native ferritins suggested that the 
process of Fe(II) uptake could be summarised in terms of the initial binding and 
catalytic oxidation of Fe(II) on the apoferritin surface, followed by core nucleation 
and development within the protein cavity. In the presence of a preformed core, 
oxidation of Fe(II) could proceed directly on the mineral surface. Structural and 
functional studies of recombinant mutant ferritins has permitted further refinement 
of the functional model of ferritin. The initial stages of core formation in both 
native and mutant ferritins were investigated by EPR (53), EXAFS (39) and 
Mossbauer spectroscopy (12,39,54). The studies of native ferritin reconstitutions at 
very low levels of iron loading gave evidence for the presence of solitary, bound 
Fe(II) and Fe(III) species, as well as bound Fe(II)-Fe(III) and Fe(m)-Fe(III) dimers. 
A t higher loading ratios, the percentage of iron atoms present in mononuclear and 
binuclear iron species was observed to decrease, and the amount of Fe present in 
Fe(HI) clusters concomitantly increased. Although considered a potential precursor 
to core formation, the development of a dimer species was shown not to be
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necessary since ferritin reconstitution proceeded at pH levels at which only solitary 
Fe(III) ions were observed prior to core nucleation (54). Similar studies were also 
caried out with recombinant mutant ferritins (12). They demonstrated that both the 
isolated Fe(III) atoms and the Fe(III) p-oxo bridge dimers located in native horse 
spleen ferritin reconstitutions were characteristic of the H chain only. It was 
postulated that one or both of the ferroxidase ligands Glu 62 and His 65 were 
required for dimer formation, although the presence of residue Glu 61 was not. 
Investigation of the core nucleation site by reconstitution of a recombinant ferritin in 
which the putative nucleation centre of Glu 61, Glu 64 and Glu 67 (3,51,55) had 
been deleted, suggested that these ligands are not required for core formation.
The currently proposed mechanism of ferritin activity (12,15) implicates site 
A ligands (15) in the initial oxidation step. The relatively sparse ligation at this 
centre could permit the subsequent movement of Fe(III). However, the observation 
of an Fe(III) dimer species has led to the speculation that two Fe(II) ions may bind at 
adjacent sites A and B prior to the oxidation event. Two-electron transfer to 
molecular oxygen may then proceed without the co-production of radical species 
(12). Further Fe(II) species entering the protein shell could then induce movement 
of Fe(III) toward the protein interior and nucleation sites, with the Fe(III) dimer 
either remaining intact, or dissociating into monomeric units prior to translation. 
Thus, a net movement of ions along the sequential metal binding sites A to C is 
envisaged, and could be facilitated by the movement of dual position ligands such as 
Glu 61 (12,15). That the position of the ferroxidase site is actually within a subunit, 
and is thus in communication with the inner and outer protein surfaces is consistent 
with transferrin binding studies (48); Fe(III) at such a binding site could be readily 
passed to a transferrin molecule. Similarly, intermolecular transfer of Fe(II)/Fe(III) 
may be rationalised in terms of such a route. The 1A channel may also be active in 
reduction reactions (42-44), since it could provide a route by which hydrated 
electrons may pass to intermediatory Fe(II)/Fe(III) species at the ferroxidase centre, 
prior transfer to the core.
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2.2: AIMS OF W ORK DESCRIBED IN SECTION A
The ferritin molecule was utilised as a novel environment in which to 
synthesise nanometer-dimension particles. The control imposed by the restricted 
volume of the apoferritin shell, and the more direct influence of the protein residues 
on the developing solid phase was studied. Structural and morphological 
characterisations were principally performed by TEM and electron diffraction. A 
schematic diagram of the main experimental themes used in Section A is given in 
Figure 2.5.
Chapter 3 describes a number of experiments designed to test the specificity 
of the ferritin molecule towards the uptake, oxidation and precipitation of metal 
ions. Reconstitution of the protein was attempted with Ti(III), Co(II), Cr(II) and 
U 022+ in order to determine the relative importance of such factors as the ion size, 
charge and redox activity on core formation. The protein was also employed as a 
unique "reaction volume" in which to carry out controlled chemical reaction of the 
native ferritin core. The ferritin molecule was reacted with Na2S and H2S so as to 
synthesise discrete iron sulphide particles within the protein shell. These particles 
were investigated by TEM and Mossbauer spectroscopy.
It has been demonstrated that horse spleen apoferritin is active in the uptake 
of Mn(II) (57). Chapter 4 further investigates this process. The development of Mn 
oxyhydroxide particles, as well as composite Mn oxyhydroxide and Fe 
oxyhydroxide cores, within ferritin, was studied from a structural and mechanistic 
viewpoint. As a consequence of the high disorder of these cores, characterisation 
was performed using EXAFS. Correlations between the processes of Mn(II) 
oxidation and deposition within native horse spleen ferritin and the Fe(II) 
reconstitution of certain apoferritins modified by site-directed mutagenesis were 
noted.
Chapter 5 describes the synthesis of the "magnetoferritin" molecule. 
Apoferritin reconstitution conditions were tailored to the precipitation of magnetite 
within the protein. It was demonstrated that the use of raised temperature and high
I22
pH levels during a carefully controlled reconstitution could be used to overcome the 
traditional control of the protein over precipitation. Magnetite was precipitated 
within the protein as opposed to the native ferrihydrite.
Chapter 3 { ;
Chapter 3
Test Specificity  
of Apoferritin Towards 
M etal Ion Uptake
Chapter 4
Investigate Nucleation  
and Growth o f  
M n-hydroxide Core
Reaction o f 
Ferritin C ore
Iron Sulphide  
Particles




iM n2+ M agnetiteM odify Reconstitution  Conditions pH 8 .5 ,60°C
Figure 2.5: Schematic diagram showing the ferritin experiments 
described in Section A
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CHAPTER 3 
PREPARATION OF INORGANIC PARTICLES
WITHIN FERRITIN
30
3.1: GENERAL TECHNIQUES USED IN FERRITIN EXPERIMENTS
The ferritin molecule was investigated as a novel environment in which to 
cany out the controlled precipitation of nanometer-dimension particles. It has been 
demonstrated that iron oxyhydroxide and manganese oxyhydroxide particles may be 
formed within ferritin (1-3). Core formation in ferritin was further investigated by 
performing the reconstitution of apoferritin with a number of metal ions: Ti(HI), 
Cr(II), Co(II) and U 0 22+. The selection of metal ion systems of contrasting 
chemical and physical properties enabled the influence of such factors as the ion 
charge, redox chemistry and coordination chemistry to be investigated. The ferritin 
molecule was also used as a constrained reaction volume in which to prepare iron 
sulphide particles. Native ferritin cores were reacted with H2S and Na2S and the 
resulting particles were characterised by Mossbauer spectroscopy. The products of 
all experiments were studied using TEM, EDXA and electron diffraction techniques.
3.1.1: Preparation of Apoferritin
Apoferritin was prepared from native ferritin by the reduction and 
subsequent chelation of the Fe(III) present in the core (4,5). 500ml of pH 4.5 
sodium acetate buffer was prepared by addition of 2M acetic acid to a 0.1M solution 
of sodium acetate. 1ml Boehringer-Mannheim Cd-free horse spleen ferritin, of 
concentration 50mg/ml, was diluted to 20ml with distilled water and was transferred 
to dialysis tubing. The prepared ferritin solution was then dialysed against 250ml of 
the sodium acetate buffer, with constant stirring and bubbling of nitrogen gas 
through the external solution. 1ml thioglycolic acid was added to the buffer and 
dialysis was allowed to proceed for 1 hour. After this time, the used buffer solution 
was discarded and the process was repeated. On completion of the second 
reduction, the external solution was again discarded and the ferritin solution was 
dialysed against four aliquots of 0.15M saline solution over a twenty four hour 
period. Finally, dialysis was carried out against 250ml of a preservative solution of 
concentrations 0.15M saline and 0.015M sodium azide.
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3.1«: Reconstitution of Apoferritin with Iron
Ferritin can be reconstituted in vitro from apoferritin and Fe(II) ions in the 
presnce of an oxidant (6). Oxidation may be followed spectrophotometrically by 
montoring the absorption of the ferritin core in the visible region at 420nm. 
Reonstitution was carried out in 0.1 M MOPS (4-morpholine-propanesulfonic acid) 
buffer, adjusted to pH 6.5 using sodium hydroxide. A solution of ferrous ions was 
prepared by dissolving ferrous ammonium sulphate in distilled water which had 
previously been deaerated by bubbling nitrogen for at least one hour. Sufficient 
femus solution was added to the apoferritin solution to give the desired iron 
loadng. Ferrous ammonium sulphate solution was selected rather that other ferrous 
salt: because of its high solubility and relatively slow oxidation rate (7). The pH at 
whih the reconstitution was carried out was selected on the basis of the solubility 
andoxidation rate of Fe(II). Increasing the pH of a solution of Fe(II) results in more 
rapil autoxidation to Fe(IH), so that above pH 9.0 no Fe(II) is present in solution; 
oxication is extremely rapid at pH 7.4 while at pH values less than about 5.5, 
virtially no oxidation occurs (7). Thus, pH 6.5 was chosen as a reasonable pH at 
which to carry out reconstitution.
3.13: General Reconstitution Method
Apoferritin was prepared as described in Section 3.1.1 and the concentration 
wasdetermined by measuring the protein absorption at 280nm; a value of 
approximately 4 x 10‘6 M was generally used. The protein was maintained at the 
selected pH by addition of apoferritin to a prepared buffer solution to give a final 
protin concentration of about 10~6 M. An aqueous solution of the metal ions with 
which the apoferritin was to be reconstituted was then added to the buffered ferritin 
solifion so as to give the desired loading ratio of metal ions to ferritin. A total 
volime of 0.5cm3 of the metal ions solution was typically added to 3cm3 apoferritin 
solifion. Protein-free control experiments were carried out in an analogous manner 
to tie reconstitution experiments, with the exception that 0.15M saline was 
substituted for the apoferritin.
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Spectroscopic Measurements on Ferritin and Apoferritin
All spectrophotometric measurements were made on a Unicam SP 1750 
Double Beam Spectrophotometer and recorded using a Pye Unicam AR55 linear 
Chart Recorder.
3.1.4: Determination of Apoferritin Concentration
Apoferritin concentration was determined by measuring the absorption in the 
UV region at 280nm, for which the specific extinction coefficient e1%lcm is 0.96 (8). 
A similar procedure is not applicable to the determination of ferritin protein 
concentrations since the protein absorption at 280nm is masked by the intense 
absorption of the iron core at this wavelength.
3.1.5: Kinetic Measurement of Apoferritin Reconstitution with Fe(II)
The uptake and release of iron by ferritin may be followed by monitoring the 
ferric core absorption at 420nm in the visible region (where e1%lcm =100 (9)), or at 
310nm in the UV region (where €1%lcm =450) (9). Although the absorption 
coefficient is greater at 310nm as compared with 420nm which suggests the 
potential of greater accuracy of measurements made at this wavelength, the progress 
of ferritin reconstitutions is generally followed at 420nm due to the effects of 
non-specific oxidation. The presence of inhomogeneities in solution results in 
Rayleigh Scattering of the radiation incident on the solution. The scattering 
intensity I depends on the wavelength of the incident radiation as I ©c V4, so 
scattering events are more important at short as compared with longer wavelengths. 
At very low iron loadings, negligible non-specific oxidation occurs and the 
absorption band at 310nm can be used to monitor ferritin reconstitutions. However, 
uptake kinetics followed in this way suffer from the drawback that it is difficult to 
accurately compensate for the rate of non-specific Fe(II) auto-oxidation and 
polymerisation.
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3.1.6: Kinetic Measurement of Apoferritin Reconstitution with MnffD
The rate of Mn oxyhydroxide core formation was followed by monitoring the 
increase in absorption at 450nm. This wavelength was considered as suitable for 
determining the rate of core formation, since the absorption coefficient of the core 
was much greater than that of [Mn(H20 )6]2+ at 450nm.
3.1.7: Gel Filtration
Non-specific oxidation products were removed from ferritin samples by gel 
filtration using G-25 Sephadex gel. A column of dimensions 20cm by 1.5cm 
diameter was set up in which the gel was suspended in buffer medium, and flow 
rates of approximately 1cm3 per minute were utilised. The solution aliquot 
containing the protein was determined by noting the characteristic colour of the 
ferritin core.
3.1.8: Ultrafiltration
Ultrafiltration of ferritin samples was carried out in a 10ml Amicon 
ultrafiltration cell, model 8010, fitted with a PM10 membrane of molecular weight 
cut-off 105. The cell was employed either to concentrate protein samples, or to 
exchange buffer solutions. Exchange of the buffer solution was accomplished by 
repeated dilution and subsequent reconcentration to the original solution volume of a 
sample, with the selected buffer.
3:1.9: Electron Microscopy of Ferritin Cores
The dimensions, morphology and crystallinity of ferritin cores were 
investigated by electron microscopy. Samples were examined either on a JEOL 
1200EX or a JEOL 2000FX TEM, operating at lOOkV or 120kV. In addition to the 
use of low kV values, a medium diameter objective aperture was also employed in 
order to enhance image contrast. The contrast in images of ferritin cores derives 
principally from phase contrast effects (10) since the particles are small and of low 
crystallinity. The operating voltage is thus more important in influencing image
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Figure 3.1a: Image of native horse spleen ferritin
Figure 3.1b: Electron diffraction pattern from native horse spleen ferritin showing 
six characteristic lines of crystalline ferrihydrite. The corresponding d-spacings are 
given in Table 3.1.
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contrast than is the introduction of an objective aperture, which enhances contrast 
due to amplitude contrast effects.
3.1.10: Preparation of Sample Grids for TEM
400 square-mesh Cu TEM grids were routinely employed and were prepared 
for specimen support by initially coating them with either polyvinyl formvar or 
pioloform. When completely dry, they were carbon coated to a thickness of 
approximately 30A using a Nanotec Coating Unit, an Edwards Carbon Coating Unit, 
or a Speedivac Coating System. Loading of the sample solution on to the prepared 
grids was achieved by placing a prepared grid, carbon side down, on a drop of the 
sample solution. After 1-2 minutes the grid was lifted horizontally, such that a drop 
of the solution remained on the grid, and the excess solution was then removed by 
drawing the grid, sample-side up, over lint-free paper. Any remaining solution was 
permitted to air-dry before viewing.
3.1.11: Bright Field Imaging of Cores at Medium Magnification
Images were principally recorded at a magnification of 120K and at a degree 
of underfocus selected to obtain optimum contrast and distinction of the cores from 
the background. An image of native ferritin cores is shown in Figure 3.1a. Particle 
size distributions were determined from Vernier calliper measurements of ferritin 
cores on photographic enlargements of negatives. The diameter of cores was 
evaluated from the working magnification of the microscope as opposed to the scale 
bar given on negatives since this provided a more accurate measure of 
magnification. Size distributions were typically determined over a population of 
100 particles.
3.1.12: Negative Staining of Grids
The negative staining of ferritin for electron microscopy has been described 
in the literature (11-13). Samples of ferritin were stained using either 1% uranyl 
acetate, 1% ammonium molybdate or 2% sodium silicotungstate solution. Solutions
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50  nm50 nm
Figure 3.2a: Image of negatively stained native ferritin 
Figure 3.2b: Image of negatively stained apoferritin 
(1) = Protein shell (2) = Ferrihydrite core
Figure 3.3: Lattice image of native horse spleen ferritin
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weie prepared freshly prior to use. Ferritin sample grids were prepared as described 
in Section 3.1.10, and were stained within 5-30 minutes of preparation. Staining 
was accomplished by placing a ferritin grid, sample side downwards, on a drop of 
the staining solution for approximately 2 minutes. The grid was then lifted and the 
remaining stain was carefully drawn off using lint-free paper. Negatively stained 
preparations of native ferritin and apoferritin are shown in Figure 3.2, and clearly 
show the protein to be of approximate diameter 120A, as has been described for 
horse spleen ferritin (14). The electron dense central regions on the apoferritin 
molecules may be attributed to the penetration of stain into the water-filled cavity 
(11,12); that it represents iron remaining after apoferritin preparation may be 
excluded since atomic absorption spectroscopy of apoferritin solutions show 
negligible iron content. Massover (13) made structural assessments of the protein 
shell based on microscopic examination of negatively stained ferritin molecules.
The reliability of detailed determinations from such images is subject to scrutiny 
since the process of staining itself may cause disruption of the protein structure and 
introduce artifacts.
3.1.13: Diffraction Studies
Electron diffraction patterns of cores were obtained under identical working 
conditions to those described in Section 3.1.11, using selected area diffraction 
techniques. Patterns were typically recorded using the smallest selected area 
aperture available, a camera constant of 80cm, and an exposure time of 32-45
Line 
(See Figure 3.1b) d (A) Mo hkl
1 2.50 100 110
2 2.21 80 200
3 1.96 80 113
4 1.72 50 114
5 1.51 70 115
6 1.48 80 106
Table 3.1: XRD Data for ferrihydrite
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seconds. The intensity of patterns was maximised by obtaining patterns from a high 
density of cores. The degree of crystallinity of particles was evaluated by 
comparison of experimental diffraction patterns with the theoretical prediction for 
ferrihydrite (Table 3.1). Well crystalline cores yield the maximum 6 lines 
characteristic of ferrihydrite (15), while less ordered crystallites show only the more 
intense reflections. An electron diffraction pattern of native ferritin displaying the 6 
reflections characteristic of native ferritin is shown in Figure 3.1b.
3.1.14: High Resolution Studies
All high resolution investigations of ferritin were carried out on a JEOL 
2000FX operating at 200kV and at a magnification of 500K. Accurate calibration of 
the microscope magnification under the above working conditions was performed by 
lattice imaging of an Agar Scientific microscope calibrant of gold crystals, 
evaporated to grow in a (200) orientation. Optimum underfocus (Scherzer) was 
evaluated by recording a through focus series of images; the series was initiated at 
Gaussian focus, as determined from examination of the carbon background. Figure 
3.3 shows a micrograph of native ferritin cores in which lattice fringes have been 
resolved on a number of particles. Fringes corresponding to the (110) planes of 
ferrihydrite, with d-spacings of 2.50A are shown, as is consistent with published 
studies on the ultrastructure of native ferritin cores (16-18).
3.2: RECONSTITUTION OF APOFERRITIN WITH TRANSITION METAL 
IONS
A range of ion binding studies have demonstrated that many metal ions bind 
specifically to apoferritin (Table 3.2). These studies were directed towards the 
elucidation of the protein residues involved in ion binding, and did not further 
pursue the possibility of core development from the metal ions tested. This section 
describes an investigation into the process of core formation in apoferritin with 
some of these metal ions. The redox change undergone by a metal ion on aerial
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Ion Number bound per subunit (Ref)
Fe(II)/Fe(III) 1/3 - 1/2 (19)








Ni(in), Cr(II), Mg(II) 
Co(II)
|  (22)
Table 3.2: Binding ratio of metal ions to apoferritin
oxidation provides an important driving force for metal ion uptake by ferritin. The 
ions Ti(III), Co(II) and Cr(II) were selected for study since both Co(II) and Cr(II) 
are known to bind to apoferritin, and all undergo a change in oxidation state in the 
pH range in which ferritin is stable.
3.2.1: Method
Metal ion reconstitution of apoferritin were carried out with a 4000:1 metal 
ions to apoferritin loading ratio, as described in Section 3.1.3. Control experiments 
were performed in all cases by substitution of 0.15 M saline for apoferritin. The 
solutions were incubated for one week prior to sampling for TEM. Protein grids 
were investigated both with and without prior negative staining, and staining was 
achieved using 1 % uranyl acetate solution.
Ti(in) Reconstitution: Apoferritin was buffered in solutions of 0.5M TES 
(N-tris[Hydroxymethyl]methyl-2-aminoethanesulfonic acid) and 0.5M AMPSO 
(3-[(l,l-Dimethyl-2-hydroxy-ethyl)amino]-2-hydroxy-propanesulfonic acid) at pH 
7.5 and pH 8.5 respectively. Ti(III) was added to the buffered apoferritin solutions 
















Figure 3.4a, b and c: Images of negatively stained ferritin, and corresponding EDXA 
spectra, after reconstitution with (a) Ti(III) (b) Co(II) and (c) Cr(II)
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Co(H) Reconstitution: Buffered solutions of apoferritin in 0.5M TES at pH 7.5 and 
0.5M AMPSO at pH 8.5 were prepared. Portions of CoS04.xH20  solution were 
then added to the protein samples to give the desired loading ratios.
Cr(II) Reconstitution: Solutions of apoferritin in 0.5 M MOPS buffer at pH 7.0 
and 0.5M AMPSO at pH 8.5 were deaerated thoroughly by bubbling Ar. A solution 
of Cr(II) was prepared by dissolution of CrCl2 in deaerated water, and portions were 
added immediately to the protein solutions.
3.2.2: Results
Ti: On incubation of the protein solution with Ti(III) at pH 8.5, a colour change 
from the original pale violet to a darker grey-purple was observed, and a white gel 
was formed in the solution after a few days. A slight colour change, which was 
accompanied by minimal precipitation was noted in the pH 7.5 preparation.
Identical observations were made of the control experiments.
Co: The freshly prepared solutions were pink in colour due to the presence of the 
[Co(H20 )6]2+ ion. The pH 8.5 protein and control experiments became grey-green 
in colour on addition of the Co(II) solution. No colour change was observed in the 
pH 7.5 solutions.
Cr: A green colouration was produced rapidly in all solutions, but was more intense 
at pH 8.5 as compared with pH 7.0.
TEM examination of all unstained protein grids failed to locate any cores. 
Subsequent negative staining and re-examination of the same grids showed that the 
protein molecules had been successfully loaded on to the sample grids (Figure 3.4). 
That the protein had not been resolved on the initial viewing was attributed to the 
failure of apoferritin to reconstitute under the given reaction conditions, as opposed 
to an absence of protein molecules on the sample grids. EDXA examination of the
42
unstained grids showed that the metal ion solutions had also been successfully 
loaded (Figure 3.4).
3.2.3: Discussion
The metal ions Ti(Hl), Co(II) and Cr(II) were selected for investigation since 
ion-binding studies have demonstrated that Co(II) and Cr(II) bind specifically to 
apoferritin (22), and because all undergo oxidation in reaction conditions in which 
ferritin is stable. Indeed, the redox change exhibited by the Fe(II)/Fe(III) system 
prior to precipitation of ferric oxyhydroxide is considered to be a principal driving 
force for core formation. Under normal reconstitution conditions, ferritin is catalytic 
in the oxidation of Fe(II) to Fe(III), and provides an environment favourable to the 
nucleation of the ferric core. After a core nucleus has been developed within the 
apoferritin molecule, it may itself act as a catalytic surface for further Fe(II) 
oxidation and deposition events. Thus, in investigating metal ion systems which 
would be anticipated to act in a similar manner to the Fe(II)/Fe(H[) system, the 
specificity of apoferritin in metal ion uptake can be studied. The failure of 
apoferritin to be reconstituted by any of the metal ion systems studied can be 
interpreted on consideration of the chemistry of these ions.
Ti: The aqueous Ti(III) ion is readily oxidised in aqueous solution to give Ti(IV).
T i0 2+ + 2H* + e- -------------► Ti3* + H20  E° = 0.1V (24)
The simple Ti4* ion does not exist in aqueous solution, but is hydrolysed to yield 
basic oxo salts or hydrated oxides (25):
TiO2* + HzO .y. - = >  TiO(OH)* + H*
Ti(OH)22* + H20  v  ^  Ti(OH)3+ + H*
Extensive polymerisation occurs on increase of the solution pH via olation and 
oxation processes, and eventually leads to the precipitation of hydrous T i02.
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Co: The oxidation of Co(II) to Co(III) is thermodynamically unfavourable in the 
absence of complexing agents. However, both Co(II) and Co(III) are precipitated as 
insoluble oxyhydroxide species in basic media, and the oxidation of the Co(H) 
complex to Co(III) is rendered energetically favourable (25,26). Co(II) hydroxide is
[Co(H20 )6]3+ + e- v  s  [Co(H20 )6]2+ E° = 1.84V
CoO(OH) + H20  + e- v  s  Co(OH)2 + OH' E° = 0.17 V
formed on increase of the pH of a solution of Co(II), with the precipitation of Co(II) 
hydroxide being initiated at pH 7.8 and complete at pH 10. At room temperature, in 
the presence of a slight excess of alkali, the hydrolysis of Co(II) salts proceeds 
through a series of metastable intermediates; the initial formation of Co(OH)+ ions 
is followed by hydrolysis to yield a blue precipitate of CoO.H20 , and eventually 
transformation to a pink precipitate of Co(OH)2 occurs. Co(III) is brown in colour 
and is formed on oxidation of Co(II) salts in basic media. In the presence of an 
oxidising agent, increase in the pH of a solution of a Co(II) salt results in the 
precipitation of Co(III) hydroxide. Precipitation commences at pH 6.0, and is 
complete by pH 8-10. Thus, the green colouration of the reaction solutions observed 
at pH 8.5 could have been due to the precipitation of Co(II) hydroxide and oxidation 
to Co(in) hydroxide (27).
Cr: Cr(II) is readily oxidised in solution, either by oxygen, or in the absence of air, 
by water to produce hydrogen. The oxidation of Cr(II) by molecular oxygen may
Cr3+ + e- ^  s  Cr2+ E° = -0.41V (25)
proceed via an intermediate complex containing a Cr-02-Cr bridge, and yield a 
doubly-bridged complex (28). Cr(III) is characterised by its marked tendency to
H "12+
/ ° \
(H20 )4 Cr Cr(H20 )4
H
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form polynuclear complexes consisting of rings or chains of Cr(III) ions connected 
by bridging OH or H units. Such olation processes occur in basic solution and may 
continue to produce increasingly large molecules (25). Ultimately, aggregates of
H 1 2+
v O v
+ H+ /  \
[Cr(H20 )6 ]3+ [Cr(H20 )50 H ]2+ (H20 )5 Cr Cr(H20 )5
H \  /
H
colloidal dimensions are generated, which precipitate as a 3-dimensional olated 
complex of "Cr(III) hydroxide", Cr(0H)3.xH20 .
Under the experimental conditions applied, the Cr(II) ions underwent very 
rapid oxidation and precluded any catalytic activity by the protein. The high 
resulting concentration of Cr(III) ions in the bulk solution would have facilitated 
hydrolysis of the Cr(HI) ions, and lead to the precipitation of Cr(0H)3.xH20 . Core 
formation in ferritin only occurs under reconstitution conditions in which 
precipitation is more favourable in the protein than in the bulk solution. This is 
exemplified by the reconstitution of apoferritin with Fe(II) under conditions of rapid 
Fe(II) autoxidation, when precipitation of ferric oxyhydroxide occurs in the bulk 
solution as opposed to within the protein. In contrast, only minimal oxidation 
occurred in the Co(II) reconstitution at the experimental pH employed. Restrictions 
on the pH range in which ferritin is stable prevented an increase in the pH to values 
exceeding pH 8.5-9, at which level the oxidation of Co(H) would have been more 
rapid.
The oxidation of Ti(III) to Ti(IV) occurred over a few hours at pH 8.5 to give 
titanate species. The time scale of the redox change is thus analogous to that 
displayed in the Fe(II)/Fe(III) system in the neutral pH range, and on the basis of 
this alone it may have been considered that successful reconstitution would have 
been observed. However, that no cores were formed indicates that the protein failed 
to provide a binding site for the oxidation or for the nucleation of a core. It has been
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demonstrated that recombinant ferritins which have been modified by site-directed 
mutagenesis are active in core formation, even in the absence of the ferroxidase 
centre (29-31). Thus, catalytic oxidative activity by the protein is not a necessary 
prerequisite to core formation. Indeed, the protein is stable to a large number of 
structural modifications (32,33), and only fails to take up Fe(II) (under conditions 
where Fe(II) autoxidation occurs) if the residues involved in both the ferroxidase 
and suggested nucleation sites are deleted (31). It therefore appears that the protein 
does not provide an environment favourable to the uptake of Ti(III) or Ti(IV). If 
Ti(IH) ions were bound strongly by the protein (as may be anticipated on the basis of 
their high charge to radius ratio), they may not readily move from the binding sites 
into the central protein cavity, but remain bound in the trans-protein channels. 
Further ions would then be prohibited from entering the protein by the physical and 
electrostatic barrier imposed by the bound ions.
3.3: RECONSTITUTION OF APOFERRITIN WITH URANYL ACETATE
As described in Section 3.1.12, negative staining of apoferritin with uranyl 
acetate solution resulted in the formation of electron dense areas on the protein 
which closely resembled the cores of native ferritin. However, the images failed to 
demonstrate whether the cores formed as the result of an external interaction of the 
stain with the apoferritin molecules, or whether the uranyl acetate molecules had 
indeed penetrated the protein shell (Figure 3.5). Thus, further experiments were 
carried out in order to investigate the uptake of uranyl acetate by apoferritin.
3.3.1: Method
The general reconstitution methodology given in Section 3.1.3 was followed. 
The apoferritin was buffered in 0.1M TES at pH 8.0, and the metal ion solution, 
prepared by dissolution of in distilled water, was added to





Figure 3.5: Schematic representation of "core formation" by uranyl acetate solution
K g *
Figure 3.6: Apoferritin after reconstitution with uranyl acetate solution
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experiment was performed by substituting 0.15M saline for the apoferritin solution. 
All samples were maintained in the dark for 24 hours prior to sampling for TEM 
analysis.
3.3.2: Results
A yellow gel was produced in both the protein and control experiments after 
the incubation period. Electron micrographs of the protein experiment are given in 
Figure 3.6, and show cores to be present both with and without a concomitant 
negative staining effect. That cores were imaged in the absence of a surrounding 
protein halo suggested that the uranyl ions had indeed penetrated the apoferritin 
shell; a negative staining effect would have been anticipated had the uranyl solution 
simply been located on the external surface of the protein. The uranyl cores were 
fairly regular in morphology, and displayed a mean diameter of 77A which is 
consistent with the typical dimensions of native ferritin cores (Table 3.3 and Figure 
3.7). Examination of the control experiment showed that a variety of different






Native ferritin 78 6
Table 3.3: Data on particle sizes of uranyl acetate reconstitution experiments
morphologies were present (Figure 3.8); both small particles and areas consistent 
with a gel having dried on the sample grid, were noted. Analysis of the size 
distribution of the discrete particles showed that they displayed a small mean 
diameter (40A) and exhibited a wide range of particle sizes (Figure 3.7). It was thus 
considered that these particles were artifactual, and resulted from drying of the 
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Figure 3.7: Size distributions of particles formed in the (a) protein and (b) control experiment 




3.3.3: Separation of Reconstituted Protein Molecules from the Bulk Solution
Separation of the reconstituted ferritin molecules from the uranyl ions in the 
bulk solution was attempted in order to demonstrate that the uranyl acetate had 
indeed formed a core within the protein molecule. Dialysis, washing and column 
chromatography methods were applied to this end.
The protein was reconstituted with uranyl acetate as described in Section
3.3.1, and samples of all solutions were taken for TEM examination.
Dialysis: The ferritin solution was dialysed against volumes of 0.5M TES buffer at 
pH 8.0 over a period of 24 hours.
Washing: Washing was performed in an ultrafiltration cell. The protein solution 
was repeatedly diluted and reconcentrated to the original volume using 0.5M TES 
buffer at pH 8.0.
Column Chromatography: The protein solution was passed down a Sephadex 
column prepared from G-25 gel in 0.5M TES, pH 8.0 buffer. The protein-containing 
fractions were subsequently reconcentrated to their original volume using an 
ultrafiltration cell.
3.3.4: Results
TEM examination showed that both the dialysis and washing procedures 
were unsuccessful in removing all of the uranyl ions from the bulk solution. No 
material was located on sample grids prepared from the solution cleaned by 
chromatography. However, subsequent re-examination of these grids after staining 
with 2% sodium silicotungstate solution showed that protein molecules were 
present.
3.3.5: Discussion
Column chromatography was successful in separating the protein molecules 
from the uranyl ions. However, this failed to elucidate whether the cores viewed 
previously were formed by penetration of the protein shell, or were simply 
artifactual. The chromatography treatment itself could have removed ions located
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within the protein. The functional groups present on the Sephadex gel, together with 
the reduction in the uranyl ion concentration which occurred on adding the protein 
solution to the column may have aided the dissolution of polymeric species and 
removal of uranyl ions from the protein cavity. The experimental evidence 
suggested that cores were formed within the protein shell; the micrographs showed 
cores which were isolated from a concomitant negative staining effect and which 
displayed a discrete morphology. It seems improbable that the uranyl acetate 
solution could collect in the central depression of the protein without staining the 
surrounding grid. Indeed, the conclusion that uranyl acetate penetrates the protein 
molecule is supported by Pape et al. (6 ) and Van Bruggen et al. (8), who viewed an 
electron dense central region on apoferritin stained with phosphotungstate solution. 
They considered that the core-like areas were due to an influx of phosphotungstate 
into the water-filled central cavity of the protein.
Cores in the uranyl system could be formed if polymerisation of the uranyl 
group, and the subsequent precipitation of [UO^OH^.I^O] occurs within 
apoferritin. The uranyl ion U 022+, which may be regarded as exhibiting an 
oxidation state of U(VI), exhibits a linear geometry in which the U-O bond order is 
at least two and the bond length is only 180pm (26). The uranyl ion is hydrolysed in 
aqueous solution to yield such species as [(U02)(0H)]+, [(U02)2(0H)2]2+ and 
[(U02)3(0H)5]+, and further polymerisation leads to the precipitation of a slimy 
green solid corresponding to [(U02)(0H)2.H20] (34,35). This dihydrate possesses
amphoteric character, and exists in solution in equilibrium with a range of uranyl 
species.
The linear geometry of the uranyl ion may facilitate passage of the ion 
through the protein channels to the central cavity. Apoferritin has been shown to
-  U 04 2 + 2H+
bind U 0 22+ ions, and the protein residues involved in binding have been identified
(Table 3.4) (23). All of the sites identified are on the inner surface of the protein.
Binding Site Location
ASP 38, GLU 45, CYS 48 
GLU 63, ARG 59 
GLU 57, GLU 136
Inner surface, near 2-fold interface 
Inner surface, in 2-fold interface 
inner surface, at BD interface
Table 3.4: Location of UC>2 ^+ binding sites in horse spleen apoferritin
Thus, the uranyl ions bound directly by apoferritin may act as centres for further 
polymerisation and eventual core formation. However, polymerisation is not 
specific to the protein, and occurs to a large extent in the bulk solution. Thus, 
although the protein environment is favourable to the hydrolysis of U 022+, it does 
not appear to promote the polymerisation as compared with reactions occurring in 
the bulk solution.
3.4: SYNTHESIS OF IRON SULPHIDE PARTICLES WITHIN FERRITIN
The apoferritin protein shell was used as a unique reaction volume in which 
to produce iron sulphide particles of controlled size, morphology and aggregation.
3.4.1: Method
Iron sulphide particles were produced in apoferritin by reaction of the 
ferrihydrite cores of native ferritin with sulphide species; both H2S and Na2S were 
utilised as reductants. Control reactions were carried out by the substitution of 
ferrihydrite (the mineral constituting the ferritin core) for the ferritin solutions. 
Samples were taken of all solutions for study by TEM, EDXA and electron 
diffraction. Ni TEM grids were employed in place of the routine Cu, since they are 
inert to reaction with sulphides. The specimens were viewed immediately after 
preparation in order to minimise the risk of oxidation of humid Fe(II)S to Fe(III)
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oxyhydroxide (36). Those grids prepared from the Na2S-reacted solutions were 
washed prior to examination in order to remove the high concentration of buffer 
from the background of the grid; washing was carried out by passing the grids gently 
through the meniscus of distilled water once only.
Reaction with H2S: 0.1ml of native horse spleen ferritin (concentration 50mg/ml) 
was added to 3ml of 0.1M AMPSO buffer at pH 8.5, and the resulting solution was 
deaerated by bubbling nitrogen. H2S gas was produced by the addition of 1:1 
concentratedidilute HC1 to finely-divided Fe(II)S, and was gently bubbled through 
the deaerated ferritin solution for a few minutes.
Reaction with Na2S: A solution of ferritin was produced by addition of 0.1ml 
native ferritin to 3ml 0.5M TES buffer at pH 8.0, and the volume was deaerated by 
bubbling nitrogen gas. Na2S.xH20  was then added to the ferritin solution to give a 
concentration of 0.01 M with respect to S2\
Preparation of Ferrihydrite: Ferrihydrite was synthesised as described by Towe 
and Bradley (15). A 0.06M solution of freshly prepared Fe(N03)3.9H20  solution 
was hydrolysed at 85°C to give a wine coloured solution of ferrihydrite. Control 
experiments were performed by substitution of 0.15ml of the cooled ferrihydrite 
solution for the native ferritin solution used in the protein experiments.
3.4.2: Results
H2S Experiment: The protein solution became black in colour approximately 20 
seconds after introduction of the H2S gas flow. A similar colour change was also 
observed in the control experiment, but after a time delay of a few minutes. 
Precipitation occurred in the control, but not in the protein solution.
Na2S Experiment: The control solution became black almost immediately after 
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Figure 3.9: Images and EDXA spectra of ferritin after reaction with (a) H2S and (b) Na2S
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the protein solution. No precipitation was noted in the protein experiment, while a 
black precipitate and accompanying yellow supernatant solution was produced in 
the control experiment.
The black colouration of the solutions demonstrated that iron sulphides had 
been produced in all experiments. Examination of the protein solutions showed the 
presence of discrete crystallites in the solution after reaction (Figure 3.9). Particle 
size analysis (Table 3.5 and Figure 3.10) showed that the Na2S-reacted sample
Experiment Mean Core Diameter (A) Standard Deviation (A)
Ferritin + H2S 68 12
Ferritin + Na2S 78 11
Native ferritin 78 6
Table 3.5: Particle size data for protein experiments after reaction
exhibited a core diameter comparable to that of the unreacted native ferritin, while 
the mean diameter of the H2S-reacted sample was smaller. Many of the crystallites 
in the H2S-reacted preparation were of irregular morphology, while the particles in 
the Na2S-reacted sample were generally spherical. Electron diffraction studies of 






d Value (A) Wo
2.56 2.63 2.50 100
2.25 2.28 2.21 80
2 .02 - 1.96 80
1.74 - 1.72 50
1.53 - 1.51 70
1.48 1.48 1.48 80
Table 3.6: Electron diffraction data from cores in protein experiments 
after reaction
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However, as is demonstrated by comparison of the experimental diffraction data 
with that of native ferritin, there is an obvious loss in the crystallinity and ordering 
of the mineral cores as a consequence of the reaction. A much greater loss in 
crystallinity was observed for the H2S treated samples as compared with those 
reacted with Na2S; all six lines characteristic of ferrihydrite were recorded in 
patterns from the Na2S sample, while only three were noted in the case of the H2S 
solution. Minimal reaction appeared to have occurred with Na2S, as judged by only 
a slight decrease in the intensity of the diffraction patterns as compared with native 
ferritin. A higher concentration of sulphide species, as measured by EDXA, was 
shown to be associated with the protein samples reacted with H2S as compared with 
Na2S-reacted (Figure 3.9). TEM analysis of the control experiments showed that 
precipitates of poorly-defined morphologies had been produced (Figure 3.11). It 
was demonstrated by EDXA (Figure 3.11) and electron diffraction that these 
precipitates were iron sulphides of amorphous character.
3.4.3: Mossbauer Studies of Reacted Ferritin Cores
Further investigation of the reacted ferritin cores was carried out by 
Mossbauer spectroscopy. The experimental spectra were compared with spectra 
obtained from native ferritin.
Method
Ferritin samples were reacted with H2S and Na2S as described in Section
3.4.1, and were immediately frozen to liquid nitrogen temperature. Spectra were run 
of these samples, together with a control sample of unreacted native ferritin at 77K 
and 4.2K.
Results
All of the spectra obtained at 77K (Figure 3.12a) were in the form of 
doublets and gave the isomer shift data shown in Table 3.7. The isomer shift of the 
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Figure 3.12: Mossbauer spectra of reacted ferritin samples, measured at (a) 77K and (b) 4.2K
59
Sample Native ferritin H2S-Reacted Na2S-Reacted
Isomer shift 
mm/sec 0.49 0.41 0.43
Table 3.7: Mossbauer data for ferritin spectra obtained at 77K
H2S-reacted sample. That more extensive reaction had occurred with H2S as 
compared with Na2S was also suggested by the reversal of the doublet weighting in 
the H2S-reacted sample spectrum. The spectra recorded at 4.2K show the effects of 
magnetic ordering (Figure 3.12b). The spectra of the control and Na2S-reacted 
samples were in the form of sextets, while the H2S-reacted sample displayed a more 
complex spectrum. Thus, the 4.2K spectra further indicated that reaction had been 
more extensive with H2S as compared with Na2S. It was not possible to derive a 
ratio of Fe(II)/Fe(III) from the experimental spectra due to the similarity in 
Mossbauer parameters between low-spin ferrous iron sulphides and native ferritins.
Discussion
The Mossbauer studies demonstrated that some reaction of the ferritin cores 
had occurred, and that this was most marked in the H2S-reacted sample. Litde 
difference between the spectra from the native cores and the Na2S-reacted cores was 
observed. Thus, although the dramatic colour change observed on addition of the 
sulphide reagents to the ferritin solution suggested that considerable reaction had 
occurred, the Mossbauer spectra indicated that only a proportion of the atoms in the 
core actually underwent reaction.
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3.4.4: DISCUSSION
Reaction of native ferritin with the sulphide reagents resulted in partial 
reaction of the ferrihydrite core to form a poorly-ordered iron sulphide within the 
protein cavity. Some loss of iron from the protein shell was also observed on 
reaction with H2S. Both TEM and Mossbauer studies showed that reaction with 
H2S resulted in a much more drastic change in core structure than occurred with 
Na2S. This may be readily interpreted on the basis of the differences in the charge 
of the reacting species; the neutral H2S molecule would be anticipated to diffuse 
across the protein shell much more readily than would the charged S2" ion. 
However, a dramatic colour change was observed on addition of both the sulphide 
reagents to the ferritin solutions, and may have been due to the formation of an iron 
sulphide layer on the outer surface of the existing core. More extensive reaction of 
the cores may have occurred on longer incubation times with the sulphide reagents; 
the experiments demonstrated that diffusion of S2' into the matrix of the ferrihydrite 
core was relatively slow. The ferrihydrite in the control experiments appeared to 
have reacted completely, as demonstrated by a complete loss in crystallinity upon 
reaction. Thus, the apoferritin shell appears to have enhanced the stability of the 
ferrihydrite core. This may be the consequence of protein-core interactions, or the 
apoferritin shell could inhibit reaction by limiting the access of sulphide species to 
the core. Amorphous iron sulphides were produced in all experiments, as may be 
predicted on the basis of the rapid reaction (37). The initial reaction of H2S with 




The reconstitution experiments demonstrated the specificity of ferritin 
towards metal ion uptake and core formation. Of the metal ion systems tested, only 
uranyl acetate showed any evidence of core formation within the protein. The 
following factors were shown to be important in dictating the feasibility of core 
development:
1, The magnitude of the redox couple of the metal ion system.
2, The rate of oxidation of the metal ion species.
3, The strength of binding of the metal ion by the protein.
4, The physical properties of the metal ion complex.
The apoferritin shell was also shown to act as a suitable environment in which to 
produce iron sulphide particles via in situ  reaction of the native ferritin core. The 
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CHAPTER 4 
DEVELOPMENT OF Mn-HYDROXIDE CORES
WITHIN FERRITIN
67
It has been demonstrated that apoferritin may be reconstituted with Mn(II) 
under controlled oxidative conditions (1,2), and thus that apoferritin is not specific 
in its uptake of Fe(II). The work outlined in this thesis further investigates this 
process. Horse spleen apoferritin was reconstituted with Mn(II) under a range of 
experimental conditions and the reaction products were investigated by TEM and 
electron diffraction. In each case, the product of Mn(II) oxidation in the presence of 
the protein was compared with that obtained in protein-free control experiments.
The technique of EXAFS was utilised to further characterise the structure of the Mn 
oxyhydroxide cores, and complement the microscopic studies.
4.1: BACKGROUND-MANGANESE AQUEOUS CHEMISTRY
The mechanisms and routes by which Mn(II) undergoes oxidation in alkaline 
aqueous conditions are complex, and as such, have not yet been fully characterised. 
The initial products to form can be hausmannite (Mn30 4), feitknechtite 
(p-MnOOH), manganite (y-MnOOH), or groutite (a-MnOOH) which are metastable 
solid species in which the Mn oxidation number does not exceed three (3,4) (Figure 
4.1). The experimental conditions are important in defining the nature of 





















[Mn(H20 ) 6 ]2+ 
OH'
y-MnOOH 














Figure 4.1: Schematic diagram of Mn(II) aqueous chemistry
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Figure 4.2: Stability diagram to predict the outcome of Mn(II) oxidation in aqueous 
solution (Adapted from Reference (3))
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composition playing important roles (4). Oxidation has also been shown to be 
autocatalytic, with the reaction being catalysed by various mineral surfaces.
Murray et al. (5) investigated the structure and oxidation state of Mn in the 
initial solid phases formed on oxidation of Mn(II) solutions. Table 4.1 summarises 
the observations made on the progress of oxidation of a Mn(II) solution held in the 
pH range 8.9-9.1 at 25°C. The results showed that although complex, the oxidation 
route could be simply summarised as the initial coprecipitation of Mn30 4 and 
p-MnOOH, followed by transformation to y-MnOOH after an adequate ageing 
period. This route is reasonable in that the metastable intermediates of Mn30 4 and 
P-MnOOH develop into the more thermodynamically stable y-MnOOH with time. 
p-MnOOH is thermodynamically less stable than Mn30 4, as indicated by the 
temperature dependence of the oxidation mechanism; batch precipitations which 
produce Mn30 4 at 25°C will produce nearly pure p-MnOOH at 0°C (4,6). That 
p-MnOOH is the kinetically favoured phase may be explained on consideration of 
the structures of the oxides. Precipitation initially occurs by the deprotonation and 
polymerisation of Mn2+ ions. Further polymerisation results in the formation of 
macro-ions which possess $heet-like hexagonal structures and are precursors of 
pyrochroite (Mn(OH)2). The structure of p-MnOOH is very similar to that of 
Mn(OH)2 and oxidation to p-MnOOH can be achieved with minimal lattice 
disruption. Considerable disruption of the Mn(OH)2 structure is associated with 
transformation to the cubic spinel structure of Mn30 4, and precipitation of Mn30 4 
consequently displays a greater temperature dependence than does that of 
p-MnOOH (6 ). Mn(OH)2 has not as yet been identified as a precursor to further 
oxidative products, despite its initial supersaturation in solution. Nevertheless, this 
does not rule out the possibility of its existence as an initial intermediate, since its 
instability to oxidation would correlate with a short lifetime in solution (5,7).
The oxidation of Mn(II) in aqueous phase is affected not only by pH and 
temperature, but also by the ionic composition of the solution. This is exemplified 
by the outcome of oxidation at pH9 and 0°C. In chloride, nitrate or perchlorate 
solutions, oxidation results in the precipitation of p-MnOOH, while y-MnOOH and
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a-MnOOH are precipitated in a sulphate solution under identical conditions. The 
inhibition of (5-MnOOH precipitation in sulphate solution may result from ion 
pairing between Mn2+ and SO42'. If the majority of Mn(II) was present as 
M nS04(aq) ion pairs, the formation of Mn(OH)2 polymeric structures may be 
inhibited. Such polymerisation is a prerequisite to the formation of Mn(OH)2 which, 
in turn, has been quoted as a precursor to p-MnOOH precipitation (as discussed 
earlier).
The transformation of Mn30 4 to y-MnOOH can be summarised as:
2/3 Mn30 4  + l /6  0 2 (aq)+H 2 0   ► 2 y-MnOOH
This may be represented as a two-stage cyclic process:
(1) The protonation of hausmannite
M113O4  + 2H+---------------- ► 2 Y-MnOOH + Mn2+
(2) The oxidation of the Mn2+ released
Mn2++ 1/6 0 2  (aq) + H20  ---------------- ► 1/3 Mn3C>4 + 2H+
Indeed, that released Mn2+ is reoxidised to Mn30 4 is consistent with the 
experimentally observed growth of Mn30 4 crystallites on existing y-MnOOH 
needles (5).
The experimental observations made on Mn(II) oxidation are also consistent 
with the mechanistic arguments made by Hem and Lind (4) and Hastings and 
Emerson (3) who described the application of a non-equilibrium thermodynamic 
model to explain and predict the outcome of Mn(II) oxidation in aqueous conditions 
(Figure 4.2). Each reaction line indicates a relative stability between phases and 
enables the thermodynamically favoured phase to be predicted for a given pH and 
Mn concentration. This model enables the process of Mn(II) oxidation to be 
described in terms of an appropriate series of reaction steps, in which metastable 
intermediates alter spontaneously to more stable final products. Indeed, the results 
of Murray et al. (5) can be explained on this basis. Figure 4.2 shows that their 
experimental conditions lie to the right of line 2 , and that an initial precipitate of
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Mn30 4 would be expected. The precipitation of Mn30 4 necessarily reduces the 
concentration of Mn2+ in solution, which in turn favours the precipitation of 
y-MnOOH.
The observed y-MnOOH, Mn30 4 and p-MnOOH phases are all metastable; 
Mn(m) is thermodynamically unstable with respect to disproportionation to Mn(II) 
and Mn(IV):
Mn3C>4 + 4H+ v  Mn0 2  + 2Mn2 + + 2H2O
2 y-MnOOH+ 2H+ ^  Mn0 2  + Mn2 + + 2 H2 O
Theoretically, such reactions can eventually oxidise all Mn(II) to Mn(IV). However, 
the lower oxidation states can exist in the neutral pH region for extended periods of 
time, and indeed, oxidation states higher than Mn(III) are not readily formed in 
laboratory systems (5). These observations may be interpreted in terms of the 
nonequilibrium thermodynamic scheme. In order for M n02 to form, the 
experimental conditions would be required to lie in the region defined by lines two 
and four of Figure 4.2. These conditions favour an initial oxidation product of 
Mn30 4 and subsequent disproportionation to Mn2+ and M n02. M n02 is seldom 
observed under laboratory conditions because the oxidation of Mn(II) is slow under 
the conditions of pH and temperature necessary for its precipitation. Hastings and 
Emerson (3) verified this hypothesis by utilising the catalytic oxidative properties of 
the marine bacillus SG-1 to achieve an observable oxidation rate in the appropriate 
pH/Mn concentration region for M n02 precipitation. They demonstrated that under 
such conditions, Mn(II) undergoes a two-step oxidative mechanism whereby Mn30 4 
is the initial product which then disproportionates to Mn2+ and M n02. Such 
transformations occurred on a time-scale of weeks.
Consequently, the metastable products observed under normal laboratory 
conditions frequently display great stability. y-MnOOH in particular, although less 
stable than more highly oxidised forms may persist in solution for a considerable 
period of time. As outlined above, this reflects the limited conditions under which
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the disproportionation of y-MnOOH is thermodynamically favourable (6 ).
Summary
Oxidation of Mn(II) in the neutral pH region results in the precipitation of 
metastable intermediates such as Mn30 4, y-MnOOH or p-MnOOH. These phases 
can be metastable for a considerable time under standard laboratory conditions, due 
to the limited range of Mn concentration and pH for which disproportionation is 




That ferritin could be active in the uptake of Mn(II) from solution was 
anticipated in terms of the aqueous chemistry of Mn(II), and from the many 
similarities it shows with the chemistry of aqueous Fe(II) (7,8). Indeed, Mn(II) 
displays many of the prerequisites considered necessary for core formation; it 
undergoes a redox change upon oxidation, forms low-solubility oxyhydroxide 
species, displays a low charge to radius ratio which permits metal ion uptake by the 
protein, and is also known to specifically bind to apoferritin (9). However, Mn(II) 
displays greater stability to oxidation in solution than does Fe(II), due to the stable, 
high spin d5 configuration of the Mn(II) ion. While Fe(II) is readily oxidised at pH 
values exceeding 6  (10), Mn(II) only undergoes slow oxidation at such pH levels 
(4,5); pH values of approximately 9 are required for the oxidation of Mn(II) to 
Mn(III). Thus, the pH range in which the reconstitution of apoferritin with Mn(II) 
was feasible was restricted by the necessity of a higher pH conducive to Mn(II) 
oxidation (4,5) and yet not so extreme as to induce protein degradation.
4.2.1: Method
Horse spleen apoferritin was reconstituted with MnCl2.4H20  solution at pH
Figure 4.3: Protein reconstitution experiment at pH 8.5:
(a) negligible core formation (a ferritin core is arrowed), accompanied by large 
amounts of non-specific oxide
(b) negative stained grid showing that the protein had been successfully sampled
1 0 0  nm
Figure 4.4: Control experiment at pH 8.5 showing (a) morphology of groutite and
(b) the corresponding electron diffraction pattern
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values of 8.5, 8.9 and 9.1 under aerial oxidative conditions, as described in Section 
3.1.3. A loading ratio of 3000:1 Mn(II) ions to apoferritin molecules was applied, 
and buffering was achieved using 0.05M AMPSO
(3-[ 1,1 -Dimethyl-2-hydroxyethyl)amino]-2-hydroxypropanesu lfonic acid), 
corrected to the desired pH with NaOH solution. The reaction products were 
compared with those from control experiments in each case, and morphological and 
structural characterisation of reaction products was carried out by TEM and electron 
diffraction techniques. Mn oxyhydroxides are frequently subject to a high degree of 
disorder (7,11), which results in some variation in the diffraction data characteristic 
of a given mineral type. Thus, the assignment of bands in XRD and electron 
diffraction patterns of Mn oxyhydroxides is often subject to some uncertainty.
4.2.2: Results
An increased rate of oxidation of Mn(II) to produce Mn oxyhydroxide 
precipitates was noted with increasing pH, as recognised by a brown discolouration 
of the solutions. While oxidation was seen to have occurred after 4 to 5 days at pH 
8.5, a similar degree of oxidation was achieved after only six hours at pH 9.2. At all 
pH values, no discemable difference in oxidation rate between the control and 
protein solutions was observed (as determined by eye).
pH 8.5
Oxidation of Mn(II) in the presence of apoferritin resulted in the formation 
of a small number of cores and an accompanying large quantity of non-specific 
oxide (Figure 4.3a). That the majority of apoferritin molecules had failed to develop 
cores was demonstrated by negative staining of protein grids after the initial viewing 
(Figure 4.3b). This showed that the ferritin molecules had indeed been successfully 
loaded on to the sample grids, but that the absence of a mineral core precluded their 
observation. The non-specific oxide present was identified as groutite (a-MnOOH) 
both by electron diffraction (Table 4.2 and Figure 4.4b) and morphological 
considerations (Figure 4.4a) (11). The much larger proportion, and intimate
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d Value (A) 
Experimental













Table 4.2: Identification of non-specific oxide produced at 
pH 8.5 to be groutite (a-MnOOH)
association of the non-specific oxide with the protein cores prevented investigation 
of the protein crystallites by electron diffraction. Additionally, too few cores were 
produced to permit statistically accurate particle size analyses to be performed. 
Examination of the control experiment showed that groutite of identical morphology 
and crystallinity to that of the protein experiment had been precipitated.
pH 9.2
Oxidation in both protein and control experiments was observable on a time 
scale of approximately six hours. TEM examination of the protein solution showed 
that a large number of molecules had formed mineral cores, but that the high pH had 
also induced extensive aggregation of the ferritin molecules. Negligible 
non-specific oxidation products were observed. Electron diffraction studies failed to 
detect any evidence of crystallinity of the cores, indicating that they were either 
highly disordered or entirely amorphous. TEM and electron diffraction analyses of 
the control experiment showed that pseudo-cubic crystals of hausmannite (Mn30 4) 
had precipitated (Figure 4.5 and Table 4.3).
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Figure 4.5: Micrograph and diffraction pattern of hausmannite produced in the 
control experiment at pH 9.2
Figure 4.6: Micrograph of Mn oxyhydroxide ferritin cores produced at pH 8.9
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2.399 2.463 2 0
2.221 2.367 2 0




Table 4.3: Identification of precipitate in control experiment 
at pH 9.2 to be Hausmannite (Mn3 C>4 )
pH 8.9
As a compromise between a lower pH (pH 8.5) which favoured the 
formation of non-specific oxide as opposed to the development of ferritin mineral 
cores, and a higher pH (pH 9.2) at which cores formed but at the expense of protein 
stability, protein reconstitution was investigated at pH 8.9. TEM analysis of the 
protein reconstitution experiment showed that discrete mineral cores had formed 
within the protein shell and that protein aggregation effects were minimal as 
compared with pH 9.2 (Figure 4.6). Little evidence of non-specific oxide formation 
was noted. The protein cores can be seen to be large, and of a very regular spherical 
morphology. The limited number of cores shown in Figure 4.6 is representative of 
the distribution over sample grids, and may be compared with the much larger 
population of cores produced in an analogous Fe(II) reconstitution experiment. 
Negative staining of sample grids subsequent to the initial viewing demonstrated 
that cores were only formed in a proportion of apoferritin molecules; the small 
number of cores viewed was not the result of poor loading on to sample grids. In 
analogy to the pH 9.2 reconstitution, no diffraction patterns were obtained from the 
cores, indicating that they were of low structural order. Hausmannite formed in the 
control experiment.
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4.3: Further Examination of Mn Reconstitution, and the Development of Fe/Mn 
Composite Cores
As described in Section 4.2.2, apoferritin could be successfully reconstituted 
with Mn(II) at pH 8.9. The nucleation and growth processes were further 
investigated by carrying out the reconstitution at different Mn:apoferritin loading 
ratios and also at increased temperature; it was considered that a higher temperature 
could favour a less hydrated, more ordered, and thus potentially crystalline Mn 
oxyhydroxide. The formation of Fe and Mn composite cores was also studied in 
order to compare Mn oxyhydroxide core nucleation and growth in apoferritin, with 
that in ferritin molecules already containing a small ferrihydrite nucleus.
4.3.1: Method
The basic Mn(II) reconstitution protocol, as given in Section 4.2.1 was 
utilised, with the pH of the AMPSO buffer being corrected to 8.9. The outcome of 
loading ratios of 3000:1 and 1000:1 were compared for room temperature 
reconstitutions. Reconstitution at a temperature of 60-65°C, and loading ratio of 
3000:1 was also investigated; the temperature was maintained for 24 hours prior to 
examination of the solution. The particle sizes and composition of the cores 
corresponding to the following loading ratios were also studied: 1000 Fe, 
1000Fe/2000Mn and 3000 Fe. Reconstitution to 1000 Fe was performed as given in 
Section 3.1.2. The 1000 Fe/2000 Mn core was prepared by initially reconstituting 
an apoferritin sample with 1000 Fe(II) ions per molecule. Any non-specific 
oxidation products and the original buffer solution were then removed from the 
protein by passage of the sample down a G-25 Sephadex column, in 0.05M pH8.9 
AMPSO buffer medium. The protein solution was concentrated to the original level 
using an Amicon ultrafiltration cell, and was then further reconstituted with 2000 
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Figure 4.7: Histograms of particle size distributions of ferritins reconstituted to: 
(a) 1000 Mn (b) 1000 Fe (c) 1000 Fe/ 2000 Mn
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Figure 4.7: Histograms of particle size distributions of ferritins reconstituted to: 
(d) 3000 Fe (e) 3000 Mn, room temperature (f) 3000 Mn, raised temperature
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4.3.2: Results
Table 4.4 shows the statistical data obtained on analysis of the size 
distribution of 100 particles from each sample, and Figure 4.7 shows histograms of 






1000 Mn 71.5 8.2
1000 Fe 52.2 9.3
1000Fe/2000Mn 64.7 12.6
3000 Fe 68.7 3.3
3000 Mn 
Room Temp. 78.0 8.0
3000 Mn 76.0 10.0
Raised Temp.
Table 4.4: Summary of statistical data from experiments 
described in Section 4.3
samples lOOOFe, lOOOMn, 1000Fe/2000Mn and 3000Fe; EDXA spectra which 
clearly show the changing composition of the cores are shown in Figure 4.9. It 
should be noted that the EDXA spectra were not necessarily recorded on identical 
scales and thus may only be used to compare the ratio of elements forming the cores, 
as opposed to giving a quantitative estimate of core composition. Electron 
diffraction patterns of the lOOOFe, 3000Fe and 1000Fe/2000Mn samples showed 
that the iron in all was present in the form of crystalline ferrihydrite, as is 
characteristic of native and reconstituted ferritins. Diffraction studies of the pure 
Mn cores showed all to be of low structural order; an increased reconstitution 
temperature did not result in any measurable enhancement in crystallinity, or any 
increase in specificity. The Mn component of the composite core was also shown to 
be diffraction silent. This unequivocally demonstrated that the Mn oxyhydroxide
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Figure 4.8: Micrographs of ferritin samples reconstituted to: 




















Figure 4.9: EDXA spectra of ferritin samples reconstituted to: 
(a) 1000 Fe (b) 1000 Mn (c) 1000 Fe/ 2000 Mn (d) 3000Fe
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precipitated within ferritin was amorphous, since cores were present on TEM grids 
in high enough density to yield good ferrihydrite patterns from the smaller Fe-based 
component of the cores.
All three Mn reconstitutions were shown to have produced cores of equable 
diameter and morphology, regardless of the experimental conditions or loading 
ratios applied. The cores were of uniform spherical morphology, and exhibited 
diameters in excess of the mean particle size of the 3000Fe reconstitution. These 
observations suggest that the Mn cores grew to a dimension and morphology limited 
by the 80A cavity of the protein, while the Fe cores were limited in dimension by 
the available free ions in solution. Electron diffraction suggested that all of the Mn 
cores were of low structural order. In contrast however, the mean particle diameter 
and morphology of the 3000Fe and 1000Fe/2000Mn cores were comparable. That 
the particle size distribution of the composite cores was also unimodal demonstrated 
that the Mn phase added uniformly to all ferritin molecules, as opposed to only 
precipitating in a limited number of molecules as was observed on Mn(II) 
reconstitution of apoferritin. The morphology of the particles, although more 
regular than cores developed from a lOOOFe loading ratio are not as uniformly 
spherical as those from the pure Mn reconstitutions. This is consistent with loading 
of the protein to 3000 as opposed to the maximum 4500 ions; the final crystal 
morphology is not entirely defined by the protein cavity.
4.3.3: Discussion
A marked contrast is observed between the Fe(II) and Mn(II) reconstitutions 
of horse spleen ferritin. The uptake of Mn(II) displayed a strict pH dependence, 
with very few cores, but large quantities of non-specific oxide being formed at pH 
8.5, while at pH levels of 8.9 and 9.2, large numbers of cores and negligible 
non-specific precipitate were noted. Relatively large cores were formed at all pH 
values, regardless of the loading ratios applied. The corresponding Fe(II) 
reconstitutions of horse spleen apoferritin exhibit Fe(II) uptake over a wide pH 
range to form cores in the majority of protein molecules (12,13). Additionally,
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proportionally smaller, irregularly shaped cores develop at lower loading ratios. 
Horse spleen apoferritin is thus much more active in the uptake of Fe(II) than 
Mn(II), with all molecules providing ferroxidase activity and competing for the 
available iron. Consequently, a population of smaller cores is formed at lower 
loading ratios. The contrasting Mn(II) uptake data suggests that horse spleen 
apoferritin displays little or no oxidase activity with respect to Mn(II) oxidation. 
The similarity of the Mn(II) reconstitution of horse spleen apoferritin and the Fe(II) 
reconstitution of rLF (Human L chain homopolymer), in which the ferroxidase site 
has been deleted, further justifies this hypothesis. rLF has detectable activity at pH 
values where spontaneous Fe(II) autoxidation occurs, while at pH values below 6 
rLF molecules fail to take up Fe(II) (14,15). This may be compared with the pH 
dependence of the Mn(II) reconstitution experiments in which Mn deposition in the 
protein environment is favoured by an increase in pH. Electron microscopy studies 
also showed corresponding size and morphology distributions in the two systems; 
both the reconstitution of rLF with Fe(II) and horse spleen apoferritin with Mn(II) 
resulted in a population of large spherical cores (16).
The successful reconstitution of ferritin molecules depleted of ferroxidase 
activity demonstrates that the modified protein shell retains the ability to compete 
with bulk precipitation processes. The preferential formation of cores within the 
apoferritin cavity may still occur if the protein were to exhibit a mechanism for the 
sequestration of Mn(II) or for the stabilisation of Mn(III) nuclei. The carboxylate 
ligands Glu 61, Glu 64 and Glu 67 which are conserved between Human H and L 
chains have been forwarded as providing a binding site for Fe(IH) nuclei (12,13,17) 
and may reasonably be suggested to act in a similar manner during Mn(II) 
reconstitution. Indeed, metal ion binding experiments showed that Mn(II) ions bind 
to the protein with the same stoichiometry as does Fe(II) (9). Thus, Mn core 
formation in ferritin may be a nucleation-driven process in which the proposed 
nucleation site acts to either specifically bind Mn(II)/Mn(III) ions, or the negatively 
charged domain that it provides reduces the activation energy of cluster formation 
(16). Once a nucleus has formed it may itself act as a surface on which the catalytic
8 6
oxidation of Mn(II) may occur. Such a model is hypothesised for the growth of 
ferrihydrite cores subsequent to the nucleation event (18). The importance of the 
nucleation event in core development is further demonstrated by the successful 
growth of composite cores. While reconstitution with Mn(II) only results in 
precipitation in a proportion of the apoferritin population, Mn(II) deposition occurs 
in all molecules when they have been prior-seeded with a small Fe core. Thus, once 
the nucleation barrier has been overcome, further reconstitution with Mn(II) is 
facile.
The core size distribution and pH dependence of the Mn(II) reconstitution 
may be readily interpreted on the basis of such a nucleation-driven process. In the 
absence of a ferroxidase centre, only a proportion of apoferritin molecules would be 
statistically expected to contain Mn(III) clusters. Initial location of Mn(III) within 
the protein may occur via the oxidation of Mn(II) ions present in the apoferritin 
cavity or due to migration of Mn(III) into the protein subsequent to oxidation in the 
bulk solution. The formation of a distribution of large cores directly results from the 
slow oxidation of Mn(II) and the subsequent slow buildup of a core population.
Once a core nucleus has formed within an apoferritin molecule, it will grow to a size 
limited only by the protein shell; little competition for Mn(II) ions exists between 
developing cores. Cores would thus be expected to develop to identical sizes, 
independent of the loading ratio applied. The pH dependence of Mn(II) 
reconstitutions may be rationalised in terms of the change in Mn(II)/Mn(III) 
chelation by the protein with pH. With decreasing pH, the binding constant of the 
complex formed on carboxylate ligation of Mn(II)/Mn(III) at the nucleation site will 
concomitantly decrease, as has been demonstrated by Mn(II)/apoferritin binding 
studies; less differentiation between precipitation in the protein and in the bulk 
solution would thus be anticipated, and fewer cores would be expected to form. A 
similar reduction in the effectiveness of the nucleation site with pH is not observed 
in the Fe(II) reconstitution of rLF. The protein fails to take up Fe(II) below pH 6 
only because Fe(II) autoxidation ceases at this pH level. These observations are 
rationalised by the greater lability of Mn(II) as compared with Fe(II) complexes.
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Indeed, that Mn(II) is bound less strongly by apoferritin than is Fe(II) was 
demonstrated by Wardeska et al. (9) who showed that bound Mn(II) ions are readily 
displaced by added Fe(II). The failure of the oxidative site on H-chain ferritin to 
induce catalytic oxidation of Mn(II) may also be rationalised in terms of the greater 
lability of Mn(II) complexes. The proposed ferroxidase site, where Fe(II) is bound 
in a tetrahedral geometry, is formed from protein residues Glu 27, Glu 62 and His 
65, and a water molecule at the fourth coordination site (10,19). Although generally 
preferring an octahedral coordination geometry, both Fe(II) and Mn(II) do exhibit 
tetrahedral coordination in a number of complexes (20). Complexation of Fe(II) at 
the ferroxidase centre may be considered to increase electron density at the iron 
centre, and thus facilitate electron transfer events occurring on oxidation. Thus, if 
Mn(II) is only bound weakly at the "ferroxidase" centre, the protein would not be 
anticipated to demonstrate significant catalytic activity. However, since Mn(II) 
forms more stable complexes with carboxylate ligands at higher pH values, it may 
be considered that the catalytic activity of the oxidase centre with respect to Mn(II) 
oxidation may also be pH dependent. The instability of the protein at high pH levels 
makes it impossible to test this hypothesis.
It was also shown that the protein modified the crystallisation process of the 
Mn oxyhydroxide, such that a poorly ordered mineral was formed within apoferritin 
under conditions which resulted in the precipitation of a crystalline mineral phase in 
its absence. This is analogous to ferrihydrite deposition in ferritin where the 
controlled crystallisation of the disordered ferrihydrite structure within the protein 
contrasts with the crystalline lepidocrocite produced in control experiments (13,21). 
In the case of Fe(II) reconstitutions of horse spleen ferritin, it is considered that the 
combined activity of the ferroxidase and nucleation centres results in the 
precipitation of a kinetically favoured phase (ferrihydrite). However, that 
ferrihydrite is produced by rLF homopolymers at an equivalent rate to Fe(II) 
autoxidation demonstrates that factors beyond basic kinetics are important in 
defining the product of crystallisation. Thus, in the case of both Fe(II) and Mn(II) 
reconstitutions of ferritin, the structure of the nucleation site or the electrostatic
8 8
fields created by the protein cavity and the ions therein, may also play important 
roles in the crystallisation process (16).
Thus, on analysis of the Mn(II) reconstitution of horse spleen apoferritin, it 
may be suggested that the protein displays no Mn(II) oxidase activity. However, at 
pH values in the region of 9, the protein provides an environment favourable to core 
nucleation, and precipitation proceeds more readily in apoferritin as compared with 
the bulk solution.
ANALYSIS OF Mn-HYDROXIDE FERRITIN CORES BY EXAFS
Analysis of the Mn oxide ferritin cores by electron diffraction showed that 
they displayed no long-range structure. Consequently, the technique of EXAFS, 
which can be utilised to probe the structure of poorly-ordered materials, was utilised 
to investigate the cores. Additionally, the position of the absorption edge could be 
compared with reference samples in order to determine the oxidation state of the Mn 
atoms in the ferritin cores.
The spectra and corresponding analyses presented in this thesis were 
produced in collaboration with Ms. P. Mackle and Prof. C.D. Gamer of the 
Department of Chemistry, the University of Manchester.
4.4: BACKGROUND
The attenuation of X-rays passing through a medium occurs via three 
principal processes; scattering, pair production and photoelectric absorption. The 
term Extended X-Ray Absorption Fine Structure (EXAFS) refers to the oscillations 
exhibited by the X-ray absorption coefficient as a function of photon energy on the 
high energy side of an absorption edge; such oscillations can extend up to 1500eV 
above the edge and have a magnitude of up to 10% (22). X-Ray Absorption 
Spectroscopy (XAS) spectra can be divided into three main regions (Figure 4.10):
1, The pre-edge region. Excitation of core electrons to valence levels occurs, 
yielding information on the electronic configuration and site-symmetry of the
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absorber. The position of the edge itself is dependant on the oxidation state.
2, The XANES region (X-Ray Absorption Near Edge Structure): 0-40eV above the 
edge. The kinetic energy of the emitted photoelectron is very low. Consequently, 
the mean free path length of the photoelectron for inelastic scattering is long and 
multiple scattering events occur, providing information on long-range order.
3, The EXAFS region: 40-1500eV above the edge. The kinetic energy of the 
emitted photoelectron is high, resulting in a much shorter inelastic mean free path 
length. Thus, EXAFS only contains short-range order information.
In the energy region where EXAFS occurs, photoelectric absorption 
dominates the attenuation process. The phenomenon of EXAFS has been known for 
over fifty years, with the basic physical explanation being provided by Kronig 
(23,24); he interpreted the oscillations as being due to modification of the final state 
wavefunction of the photoelectron by atoms surrounding the excited atom.
However, it is only reasonably recently that EXAFS has been recognised as a 
powerful technique for structure elucidation. The renewed interest can be attributed 
to the dramatic increase in theoretical understanding of the phenomenon that has 
occurred since the work of Sayers, Stem and Lytle in 1971 (25). They demonstrated 
that, by comparing a theoretical spectrum with experiment, detailed information 
could be gained on the local atomic environment out to approximately 5A around 
the excited atom. Importantly, Sayers et al. showed that a Fourier transform of 
EXAFS with respect to the photoelectron wavenumber would peak at distances 
corresponding to nearest neighbour coordination shells of atoms. The advent of 
EXAFS beamlines at synchrotron radiation sources has also enhanced the 
accessibility of EXAFS measurements.
The main properties of EXAFS that have resulted in its widespread use as a 
tool to determining the atomic arrangement of many classes of material are (26):
1, It provides information on the local atomic environment. Thus, amorphous 
solids, liquid or solution samples may be investigated.
2, XAS probes the environment of the specific element whose absorption edge is 














6500 6600 6700 6800 6900 7000 7100 7200 7300 74006300 6400
Input Energy
Figure 4.10: X-Ray absorption spectrum showing the pre-edge, XANES and EXAFS 
regions
Figure 4.11: Schematic representation of the absorption event (a) for an isolated 
atom and (b) in the presence of surrounding atoms
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systems where the atomic environment of individual elements can be separated.
3, Structural information is obtained by simple and direct analysis; factors such as 
the distance from, number and chemical type of the near-neighbours of the emitting 
atom can be determined.
4, The measurement is relatively easy and rapid.
4.4.1: Theory
The fine structure in an XAS spectrum results from perturbations in the final 
state wavefunctions from the free electron values (27). For the case of an isolated 
absorber, the ejection of a photoelectron by absorption of an X-ray photon will 
travel as a spherical wave of wavelength X=2n/k where:
, /  2m
E = incident photon energy
E0= threshold energy of a particular edge
The probability of absorption of X-Rays by the K-shell is given in the Dipole 
Approximation as (28):
27r2e2 J
W =  | < f  I e . r  I i>  | p(Ef)
cocm
where | i> is the wavefunction in the initial state 
<f | is the wavefunction in the final state 
p(Ef) is the density of allowed states at the final state energy Ef 
CD is the frequency of the radiation 
There is no contribution to the variation in the matrix element from the initial state 
wavefunction since this is independent of co. From a qualitative viewpoint, the 
modulation of the wavefunction |f> can be regarded as the result of an interference 
phenomenon. The photoelectron emanating from the excited atom subsequent to 
excitation is backscatterred from the potential wells of neighbouring atoms; these 
waves then interfere constructively or destructively with the outgoing wave (Figure
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4.11). This interference results in an oscillatory variation in the matrix elements as a 
function of 0); constructive interference increases the matrix element, while 
destructive interference lowers it below the free atom value (29). The significant 
region of space in which interference occurs is necessarily in the vicinity of the 
excited nucleus, where |i> is of reasonable magnitude (30). Hence, EXAFS is 
exclusively a property of multi-centre species; monatomic gases do not exhibit such 
oscillatory behaviour in their X-ray absorption spectra.
The EXAFS function describing the modulation of the absorption 
coefficient, normalised with respect to the background absorption (pQ) coefficient is 
given by:
In order to relate %(E) to structural parameters, the energy E is converted into the 
photoelectron wavevector k. The relation between %(k) and the structural 
parameters is given in the plane wave approximation as (31):
Fj(k) is the backscattering amplitude from each of the Nj neighbouring atoms of the 
j*  type and reflects the scattering powers of these atoms.
exp(-2oj2k2), where oj is the Debye-Waller Factor describes the damping of x(k) due 
to thermal vibration and static disorder.
The term exp(-2rj/X) is due to inelastic losses in the scattering process, where X is 
the electron inelastic mean free path. Such processes are important in that they 
destroy the coherence of the final state, and the interference that results in EXAFS 
cannot occur (26).
Si(k) is the amplitude reduction factor due to many-body effects. These may include 
shake-up (excitation of another electron to a bound state) and shake-off (excitation 
to a continuum state).
The sinusoidal term describes the interference phenomenon and phase shift
Nj Sj(k) Fj(k) exp (-2<jj2k2) exp (-2rjA(k)) sln <2krj ^
J
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contribution to the EXAFS function. It consists of a phase-term which results from 
the photoelectron travelling twice the absorber-scatterer distance ij and an additional 
phase-shift <{>j(k) which is caused by the photoelectron experiencing twice the central 
atom potential and once the potential of the scatterer.
Thus, in reiteration, Fj, Nj and S, govern the amplitude of oscillations in %(k). 
The two exponential terms relate to the damping of the fine structure. The 
sinusoidal term describes the major contribution to the oscillatory behaviour of the 
EXAFS function.
Although the equation describing EXAFS given earlier can be used to derive 
structural information, it is based on a number of assumptions:
1, The plane-wave approximation. It is assumed that the curvature of the spherical 
wave at the various distances rj is negligible with respect to the effective radius of 
the scatterer.
2, Single scattering approximation. It is assumed that the outgoing wave scatters 
with a neighbouring atom and returns directly to the absorbing atom (Figure 4.12); 
multiple scattering routes are neglected. For nearest neighbour shells, the effects of 
multiple scattering are normally negligible due to the damping caused by the mean 
free path length. However, for more distant shells, the effect can be more important. 
Obviously, the contribution of multiple scattering events is structurally-dependent 
and for structures in which atoms are colinearly aligned, forward scattering can 
cause enhancement of the backscattered amplitude up to a factor of four.
An exact curved-wave theory of EXAFS was given by Lee and Pendry (32)
and was developed to give a rapid curved-wave theory by Gurman et al. (33,34).
\
The rapid curved-wave theory is in routine use for EXAFS analysis at the Daresbury 
Laboratory.
4.4.2: Data Analysis
The initial process involved in extraction of information from an XAS 
spectrum is that of isolation of the EXAFS function from the experimental 
absorption spectrum; this is achieved by background subtraction (31,35). The
94
(a) (b) (c) (d)
Figure 4.12: (a) Single and (b,c,d) Multiple scattering events. The linear geometry 
of atoms shown in (c) and (d) results in "forward scattering" which may cause 



















Figure 4.14: Diagram of the experimental setup utilised in transmission mode 
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Figure 4.13: Extraction of the EXAFS signal from the experimental XAS spectrum, as discussed in Section 4.4.2
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process is described in Figure 4.13.
1, The origin of energy can arbitrarily be defined at the absolute energy 
corresponding to the maximum value of the first derivative of the absorption 
(22,35).
2, Pre-Edge Subtraction. The contribution from lower energy edges is subtracted 
from the total absorption in order to isolate the contribution from the edge of 
interest; this is achieved by fitting an empirical function to the pre-edge curve.
3, Post-Edge Fitting. The energy region above the absorption edge is fitted with a 
function which has sufficient degrees of freedom to describe the background signal. 
Thus, the removal of low-frequency background components from |i(E) is achieved 
without affecting the higher frequency EXAFS oscillations.
4, Normalisation of the EXAFS signal. After subtraction of the background, the 
signal is normalised by a division through p0(E).
4.4.3: Curve Fitting
Once the EXAFS function has been isolated, analysis is carried out to 
determine accurate structural and chemical information. There are two major 
approaches to EXAFS data analysis: the Fourier transform (FT) and curve fitting 
(CF) techniques (31). In either method, %(k) is multiplied by a factor kn, where n is 
typically three, so as to compensate for the diminishing amplitude of the spectrum at 
high k values. The CF technique requires good theoretical data and is 
computationally time-consuming, but yields the most detailed structures (30); this 
technique was used to analyse the data given in this thesis.
The CF technique relies upon fitting the experimental EXAFS function in 
k-space by calculating a spectrum using an assumed set of structural parameters, and 
refining them using a least-squares minimisation until the best fit is achieved. The 
fitting is carried out "shell-by-shell" using calculated phase shifts and scattering 
factors; these parameters are checked by fitting the EXAFS spectrum of a known 
crystal standard (27). Fitting of each shell is dependent on two sets of highly 
correlated variable parameters: {F(k),a,X,N} and {<|)(k),E0,r}. Significant
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correlations can occur between the two sets of parameters, as well as between 
different scattering terms. Typically, four parameters are varied for each shell, {N 
and a )  and {r and E0), with the other parameters being fixed using values derived 
from model compounds. It can readily be seen that an increase in the number of 
suggested shells rapidly increases the number of floating parameters, which can 
result in the fitting process becoming very complex and time-consuming (31,35). In 
order to check an analysis, a Fourier transform of the calculated spectrum is carried 
out and compared with the Fourier transform of the experimental spectrum. As a 
criterion for a reliable fit, the experimental and calculated spectrum should correlate 
well in k-space, as well as in real space.
Inherent in the CF analysis is the assumption that the phase shifts and 
amplitude factors are transferable from suitable model compounds and from ab 
initio calculations; crystalline compounds of well-characterised structure, containing 
atoms of the same type as the investigated sample constitute good model 
compounds. The validity of these functions is essential since the accuracy of 
coordination distances and coordination numbers is based on them. It has been 
shown that there exists a good agreement between experimental and theoretical 
phase shifts (22). Indeed, on the basis of calculated phase shift factors, it is possible 
to predict coordination distances (r) to an accuracy of 0.02A; a change of 10% in 
<|>(k) will only cause an error in r of 2%. Also, since r is rather insensitive to 
variations in the phase shift, and because changes in chemical environment can be 
compensated for by alteration of E0, interatomic distances can be determined to 
accuracies of better than 1%. The error in the determination of coordination number 
is greater, since N varies linearly with the amplitude scattering factor. Thus,
EXAFS is an important technique for the investigation of systems of low structural 
order. Analysis of the spectrum gives coordination distances to an accuracy of 
O.OlA (22).
4.5: EXPERIMENTAL
The XAS spectra were obtained using the Synchrotron radiation source at the
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Daresbury Laboratories. The majority of recent EXAFS work has been carried out 
using synchrotron radiation; such radiation is emitted when relativistic charged 
particles travel in curved paths in magnetic fields (31,36). An EXAFS experiment 
that is sufficiently accurate for quantitative structural analysis requires a 
combination of high spectral resolution and excellent signal to noise ratio; 
synchrotron radiation satisfies these criteria, having vastly superior energy 
resolution and intensity compared with laboratory facilities.
The spectra were obtained on Station 7.1, a dedicated EXAFS beamline, 
operating at 2GeV and an average current of 150mA. Analysis of all samples was 
carried out in transmission mode (Figure 4.14) since this is the preferred geometry 
for concentrated samples; it offers the potential of a good S/N ratio (22,27). The 
ionisation chambers were filled with an inert gas mixture suitable for the Mn K 
absorption edge. The length of chamber, together with the pressure and composition 
of gas mixture contained, were also chosen such that the I0 chamber absorbed about 
20% of the incident radiation, and the I chamber the majority of the transmitted 
intensity. Such ion chambers give a measure of the incident radiation on the basis of 
the photoion current produced; the photocurrents are converted to voltages which 
are amplified by Keithley amplifiers. In the particular experimental setup used, the 
sample was positioned between the first two ion chambers and a Mn foil was placed 
between the second and a third ionisation chamber to act as an internal reference. 
Prior to running scans of the samples, dark-current (amplifier off-set) readings of the 
ion-chambers were made in the absence of an incident beam. Adjustment of the 
Keithley amplifiers facilitated control over these values (37).
Station 7.1 operates with a S i( l l l )  type double-crystal monochromator. 
Harmonic rejection is achieved by misaligning the first crystal with respect to the 
second (27,36). Such detuning of the monochromator is essential to avoid distortion 
of the absorption edge. Order sorting reduces the intensity of the fundamental to 
50%, but consecutively reduces the harmonic intensity one hundred fold; the 
reflection width for the harmonic is significantly narrower than for the fundamental 
and consequently detuning improves the fundamental to harmonic ratio. An
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approximately constant harmonic rejection is achieved over the scan range by 
off-setting the first crystal with respect to the second by a desired amount, and 
maintaining this using a servo linkage between the output of the reference ion 
chamber and the angle off-set of the first crystal of the monochromator (37). The 
offset of the monochromator can be controlled by coarse and fine adjustments. 
Repulsion or attraction between a small ferrite situated on the base of the first 
crystal, and a variable-current solenoid fixed to the monochromator frame, controls 
the fine adjustments. The servo linkage can be operated to maintain a constant 
harmonic rejection over the range of the scan by comparison of the IQ ion chamber 
amplifier reading with a reference value; the servo adjusts the solenoid current to 
equate the two values. A 60% harmonic rejection level was used in obtaining the 
spectra of the manganese compounds described below.
In order to attain an ideal absorption level, the solid samples were diluted 
with boron nitride, as a low atomic number, inert material. Optimum S/N ratios 
occur at a px value of approximately two, where the magnitude of px is related to 
the decrease in intensity of the incident photon beam on passage through the sample 
by the Lambert equation (31):
1(E) = I0(E) exp(-p(E)x)
Dilution was achieved by grinding the solid materials together to produce a fine 
homogeneous powder. Both liquid and solid samples were placed in Al-based cells 
with Sellotape windows. Care was taken to ensure uniform spreading of the solid 
samples and that no air-bubbles had been incorporated in the liquid sample since 
pinholes or inhomogeneities can cause undesirable fluctuation in absorption across 
the sample (31). All samples were maintained under vacuum at liquid nitrogen 
temperature. Operation of a cryostat reduces damping of the spectra due to thermal 
disorder and can also reduce the risk of degradation of the sample (38).
Measurements were recorded on the Mn K absorption edge under k2 
weighting conditions, with a base counting time of 3 seconds and an end counting 
time of 8 seconds. The third spectral region in the ferritin scans was extended from 
k values of 3 to 15 A"1 with a step size, Ak of 0.055 A'1. The reference spectra were
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obtained in the third region from k values of 3 to 18 A’1 at a step size, Ak of 0.06 
A'1. Two spectral runs were made for each of the model compounds, while six were 
recorded of the ferritin sample. Fewer spectra of the model compounds were 
required since these samples were both more concentrated and better ordered than 
the protein sample; combination of a number of spectra obtained from a sample 
leads to improved resolution in the final combined spectrum.
The spectra obtained were analysed using the data analysis programmes 
EXCALIB, EXBACK and EXCURV90, available at the Daresbury Laboratories. 
EXCALIB reads the experimental data, as produced by the data acquisition 
programme, and reduces it to a normalised X-ray absorption spectrum of absorption 
versus energy. The programme is used to allow for dark current readings, and to 
combine spectra so as to produce an average spectrum. EXBACK is an interactive 
programme available for background subtraction and is thus used to isolate the 
EXAFS function from the experimental data collated in EXCALIB. Analysis of the 
EXAFS function was then carried out using EXCURV90, which uses the single 
scattering spherical wave approximation to fit theoretical spectra to the experimental 
data. Values for the phase shifts may be derived either from ab initio calculations, 
or from selected reference compounds.
4.6: SAMPLE PREPARATION FOR EXAFS
4.6.1: Ferritin Sample
Apoferritin was prepared from lOOmg of native horse spleen ferritin as 
described previously. Reconstitution with manganese was carried out by incubating 
the prepared apoferritin with 100ml AMPSO pH 8.9 and 15ml of MnCl2 solution 
such that the ratio of Mn to apoferritin was 3000:1. Oxidation occurred over twenty 
four hours as indicated by a colour change from the original colourless, to brown. 
The solution was then cleaned by dialysis against 0.05M NaCl. Examination of the 
solution by electron microscopy indicated that negligible non-specific oxidation
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product was present. The solution was concentrated to a final volume of 2cm3 in an 
Amicon Ultrafiltration cell; the resulting concentration of approximately 50mg/ml 
was necessary to produce an EXAFS signal of acceptable intensity.
4.6.2: Model Compounds
Model compounds were selected such that they either possessed 
well-characterised structures, that the Mn atoms existed in a well-defined oxidation 
state, or that it was considered that they might closely resemble the unknown 
structure. On this basis, samples selected were Manganite (y-MnOOH), 
Hausmannite (Mn30 4) and Feitknechtite (P-MnOOH). As discussed in Section 4.1 
all three phases may be produced on oxidation of Mn(II) solutions under alkaline 
conditions, the particular phase precipitated depending on the temperature, pH and 
ionic composition of the solution. Manganite and Hausmannite are well crystalline 
phases in which the oxidation state exhibited is Mn(3) and Mn(2.667) respectively. 
Thus, the EXAFS from these compounds may be used to verify the applicability of 
ab initio phase and amplitude functions to such Mn oxyhydroxides. The oxidation 
state of the unknown sample can also be determined by comparison of the 
absorption edge positions in the unknown with the standards. Feitknechtite was 
selected as a model compound because it was considered that, of the Mn 
oxyhydroxides discussed in the literature, it was the most likely to resemble the 
ferritin cores; p-MnOOH has low structural order as do the cores, and may be 
precipitated under similar experimental conditions.
Hausmannite (Mn30 4)
Mn30 4 was purchased from Strem Chemicals, and was stated to be of 98%
purity.
M anganite (y-MnOOH)
Manganite was prepared by the methodology described by Feitknecht and
Figure 4.15: XRD spectra from (a) hausmannite, (b) manganite and (c) feitknechtite
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Marti (39). A solution of 10 mmols of MnS04.4H20  in 350ml of distilled water was 
prepared. 34ml of 3% H20 2  solution and subsequently 50ml of 0.2M NH3 solution 
were then added under very vigorous mechanical agitation. A dark brown 
precipitate was immediately produced on addition of the ammonia solution. The 
solution, which was evolving oxygen, was boiled as rapidly as possible and the 
boiling was continued for 4 minutes. The precipitate was then washed with hot 
water and was dried under vacuum.
Feitknechtite (p-MnOOH)
Feitknechtite was produced by the controlled oxidation of Mn(OH)2; it is 
documented that such a method may be used to produce pure p-MnOOH (40).
40cm3 of 0.05M MnCl2 solution was prepared and was subsequently deaerated using 
nitrogen gas. Under continued gas flow and vigorous stirring, Mn(OH)2 was 
precipitated by the addition of 1cm3 of 2.026M NaOH solution. The precipitate was 
then aged at 80°C under nitrogen for 1 hour. Transformation of Mn(OH)2 to 
p-MnOOH was achieved by oxidation of the aged hydroxide at 0°C; oxidation at 
low temperature favours the production of p-MnOOH as opposed to Mn30 4. The 
temperature of the Mn(OH)2 solution was hence reduced to approximately 0°C in an 
ice-bath, prior to the introduction of an oxygen flow of about 20 0cm3/min into the 
solution. Oxidation was continued for 30 minutes.
4,6.3; Characterisation of Model Compounds
The samples produced were characterised by TEM and XRD (using Fe Ka  
radiation X= 194pm).
Hausmannite
XRD analysis (Table 4.5, Figure 4.15a) indicated that the purity of the 
hausmannite was not as high as had been stated by the manufacturer, a small 
proportion of y-Mn20 3 was also noted. This is consistent with the morphological 
description of the crystals provided by TEM (Figure 4.16). The majority of crystals
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Micrographs showing characteristic morphologies of:










4.918 4.924 jj 2.005 2.01
3.829 3.84 :: 1.847 1.845
3.095 3.089 :j 1.829 1.829
2.886 2.881 •j 1.802 1.799
2.773 2.768 :j 1.701 1.701
2.716 2.72 :: 1.665 1.664
2.486 2.487 j: 1.643 1.641
2.419 2.35 :; 1.577 1.576
2.367 2.367 j: 1.545 1.544
2.040 2.037 ;
Table 4.5: XRD data from purchased hausmannite compared 
with theoretical data
were of pseudo-cubic habit as is characteristic of hausmannite (41), while a small 
number of needle shaped Y-Mn20 3 crystals were also observed.
Manganite
Electron optical examination of the crystals showed them to range from lath 
to needle shape and to be of approximate dimensions 200nm x lOnm (Figure 4.17). 









4.19 4.55 ;; 2.29 2.28
3.43 3.41 ;: 2.21 2 .2 0
2.67 2.65 :: 1.68 1.68
2.53 2.52 ;: 1.51 1.50
2.42 2.41 :: 1.44 1.44
2.37 2.36 :
Table 4.6: XRD data of manganite as compared with theoretical data
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Feitknechtite
As described in the literature (40,41), the p-MnOOH crystals were hexagonal 
platelets in morphology, and about lOOnm in diameter (Figure 4.18). The oblong 
crystals viewed are hexagonal platelets supported on an edge. XRD showed the 










Table 4.7: XRD data of Feitknechtite as compared with theoretical data 
4.7: RESULTS
4.7.1: Manganite (v-MnOOH)
Manganite is a well-ordered, Mn(III) oxide in which the Mn atoms occupy 
sites in a sheet-like framework of oxygen and hydroxyl ions (40,42). It is described 
by a pseudorhombic structure with p=90°, and unit cell dimensions a=8 .88A, 
b=5.25A and c=5.7lA (43). The Mn K-edge k3-weighted EXAFS of y-MnOOH, 
and the corresponding Fourier transform is shown in Figure 4.19. The 
crystallographic characterisation of Dachs (43) was utilised as a source of 
coordination numbers with which the experimental spectrum was fitted. The 
theoretical spectrum is shown compared with the experimental spectrum in Figure 
4.19, and a comparison of the X-ray crystallographic values and simulation 
parameters for the manganite sample is given in Table 4.8. It can be seen that there 
is good agreement between the experimental and crystallographic data, indicating 
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Figure 4.19: The k3-weighted Mn K-edge EXAFS, and the corresponding Fourier 
transform of manganite. The best simulation using parameters defined in Table 4.8 
is compared with the experimental spectrum.
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Type ^Crys rCrys(A) rEXAFsCA) 2 a 2(A2) Ar(A)
O 2 1.86 1.85 0.006 0.01
O 2 1.96 1.92 0.007 0.04
o 1 2 .2 0 2.15 0.004 0.05
0 1 2.34 2.30 0.008 0.04
Mn 1 2.75 2.74 0.016 0.01
Mn 1 2.97 2.88 0.016 0.09
Mn 4 3.63 3.60 0.017 0.03
Mn 4 3.81 3.77 0.024 0.04
Mn 1 4.36 4.33 0.015 0.03
Mn 1 4.53 4.45 0.006 0.08
Mn 6 5.25 5.25 0.026 0 .0 0
Mn 4 5.44 5.42 0.014 0 .02
Mn 4 5.55 5.53 0.008 0 .02
Mn 2 5.71 5.66 0 .0 2 0 0.05
Mn 3* 5.92 5.85 0.021 0.07
Mn 1 6.14 6.19 0.008 0.05
* This shell is a merger of 1 Mn atom at 1.81A, 1 Mn atom at 5.92A 
and 1 Mn atom at 6A
Table 4.8: Comparison of Theoretical and EXAFS Data for y-MnOOH
4.7.2: Feitknechtite (B-MnOOH)
Occurring in both natural and synthetic samples as hexagonal platelets 
(40,41), feitknechtite is a low crystallinity solid, exhibiting marked lattice 
distortions, as indicated by the broadness of diffraction lines (39). First synthesised 
and characterised by Feitknecht and Marti (39), P-MnOOH may be indexed as a 
tetragonal structure with lattice dimensions a=8 .6A and c=9.3A. The structure of 
P-MnOOH is closely related to that of Mn(OH)2 (4,40), as determined from 
morphological and X-ray diffraction data. On oxidation of Mn(OH)2 to P-MnOOH, 
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Figure 4.20: The k3-weighted Mn K-edge EXAFS of feitknechtite
Figure 4.21: The k3-weighted Mn K-edge EXAFS of hausmannite
Figure 4.22: A comparison of the k3-weighted EXAFS of the Mn ferritin cores (solid
line) with feitknechtite (dashed line)
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increase in the oxidation from Mn(II) to Mn(III) and a concomitant loss of protons 
from the structure. Indeed, it is likely that a continuous series of compounds 
spanning the composition range Mn(OH)2 to p-MnOOH exists (40). The 
k3-weighted EXAFS spectrum of p-MnOOH is shown in Figure 4.20 and reflects the 
low ordering of the material.
4.7.3: Hausmannite (Mn^Q4)
Mn30 4 has a tetragonal (pseudo-cubic) spinel structure with lattice 
parameters of a=5.76A and c=9.44A (40). Natural and synthetic samples display 
crystals of pseudocubic habit. Figure 4.21 shows the k3-weighted EXAFS of 
hausmannite.
4.7.4: Ferritin Sample
The k3-weighted Mn K-edge EXAFS and corresponding Fourier transform of 
the Mn oxide ferritin cores is shown in Figure 4.23. In comparison with the 
reference spectra, it can be seen that the ferritin spectrum exhibits many similarities 
to that of the p-MnOOH sample. This is exemplified in Figure 4.22 which shows a 
superposition of the EXAFS from the ferritin and p-MnOOH samples. A
N Type r(A) 2a 2 (A2)
2.7 O 1.88 0.007
1.3 Mn 2.32 0.037
4.5 O 2.81 0.037
0 .6 Mn 3.17 0.008
Table 4.9: EXAFS Determination of first coordination shells for the 
manganese ferritin cores
preliminary analysis of the ferritin cores EXAFS was made, the fit being made 
without any additional crystallographic information (none being available for a 






EXAFS (experim ent)*k**3  
















2 3 4 5 6 7 a 9 10
Distance/A
Figure 4.23: The k3-weighted Mn K-edge EXAFS and corresponding Fourier 
transform of Mn-reconstituted ferritin, as compared with the best simulation with 
the parameters described in Table 4.9
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Figure 4.24: The k3-weighted Mn K-edge EXAFS and corresponding Fourier 
transform of Mn-reconstituted ferritin, subsequent to subtraction of the first shell of 
oxygens from the experimental spectrum. The remaining EXAFS were fitted with 
1.3 Mn atoms at 2.32A, 4.5 O atoms at 2.81 A and 0.6 Mn atoms at 3. 17A.
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2.7 oxygen atoms at 1.88A, with a Debye-Waller factor of 0.007A2. The 
contributions of the outer shells to the EXAFS were evaluated by a subtraction of 
the first shell of oxygens from the experimental spectrum, as shown in Figure 4.24. 
The remaining EXAFS were fitted with 1.3 Mn atoms at 2.32A, 4.5 O atoms at 
2.81 A and 0.6 Mn atoms at 3.17A. The best fit parameters are summarised in Table
4.9. It was not possible to fit further shells within the 1% probability test. The 
Debye-Waller factors for the second and third coordination shells can be seen to be 
quite high, as is indicative of structural disorder in the material.
4.7,5: Oxidation State
The oxidation state of the Mn atoms in the ferritin cores was determined by 
comparison of the position of the Mn K absorption edge in the ferritin sample with 
that of the Mn foil reference, and the Mn oxide reference samples. The position of
Sample Position of Edge (eV)
Position of Mn 
Foil Edge (eV) AE(eV)
Oxidation
State
y-MnOOH 6544.5 6534.4 10.1 Mn(IH)
p-MnOOH 6541.3 6531.2 10.1 Mn(ni)
Mn Ferritin 6541.2 6531.1 10.1 Mn(III)
Table 4.10: Position of Absorption Edges of Ferritin and Control Samples for 
Determination of the Mn Oxidation State
the absorption edge was defined as the energy corresponding to the first derivative. 
The energies of the absorption edges of the particular samples are given in Table
4.10. It can clearly be seen that the oxidation state of the Mn atoms in the ferritin 
cores is Mn(III).
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4.8: SUM M ARY
Horse spleen ferritin may be reconstituted with Mn(II) at pH 8.9, to form a 
population of large, spherical cores. Electron diffraction analysis demonstrated that 
the cores were of low structural order, which contrasts with the crystalline 
hausmannite precipitates produced in analogous protein-free control experiments. 
Mn hydroxide cores were developed in apoferritin at different loading ratios, and in 
ferritin molecules which had been prior-seeded with a small ferrihydrite nucleus. 
These reconstitutions showed similarities to the reconstitution of the rLF 
homopolymer (Human L chain) with Fe(II). It was suggested that horse spleen 
apoferritin exhibits no Mn(II) oxidase activity, but that it does provide an 
environment favourable to core nucleation at pH ~9. Analysis of the EXAFS from 
the Mn fenitin cores showed that they displayed a similar structure to that of 
p-MnOOH. The absence of a comprehensive crystallographic description of 
P-MnOOH precluded detailed analysis, but a preliminary fit to the experimental 
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CHAPTER 5 




The synthesis of ferritin with an internal core of magnetite or maghemite 
offers a system of unique importance, combining the biocompatability of the ferritin 
molecule with the ferromagnetic properties of the mineral core. The potential 
applications of ferritin molecules labelled in such a manner are numerous as 
indicated by the following examples:
1, The separation of cells by electrophoretic methods is currently limited 
under normal physiological conditions due to overlapping mobility distributions (1). 
Cell surface and cytoplasmic labelling of cell subpopulations with magnetic 
particles offers the possibility of greatly enhanced resolution.
2, The magnetic properties may also be directly utilised in the isolation of 
specific types of cell. The separation and purification of cells labelled with 
antibody-coupled ferritin using magnetic field gradients offers the possibility of 
processing large numbers of cells for biochemical and immunological studies. 
Indeed targeting of antibody-coupled ferritin may conceivably allow location of 
diseased tissue.
3, Subsequent to separation, the bound ferritin molecules could act as 
markers for specific sites on cell walls as imaged by TEM. That ferritin can be 
utilised as such a marker in TEM is well documented (2), such examination giving 
information on cell ultrastructure.
4, Immunolabelled ferritin may also have future clinical applications. 
Molecules carrying cytoxic drugs or radioisotopes could be localised in a certain 
tissue of the body through the influence of powerful external magnets (3).
5, NMR imaging permits the three-dimensional reconstruction of soft tissue 
in the body by targeting proton-bearing species present, principally water and fats 
(4). The localisation of magnetic ferritin in particular areas of the body may offer 
enhancement of potential images.
Many of the reagents used previously for cell tagging suffer from lack of 
stability or nonspecific interactions. Magnetic ferritin is both chemically stable and
1 2 1
entirely biocompatible. That ferritin may also be immunolabelled is also well 
documented (5).
5.1: BACKGROUND
Magnetite (Fe30 4) and maghemite (Y-Fe20 3) are strongly ferromagnetic 
materials whose properties are summarised in Table 5.1. Magnetite (Fe30 4) has an








a = 8.350 CurieTemp. 675 n-type
Fe3 0 4 Inverse
Spinel
a = 8.396 CurieTemp. 575 n-type
Table 5.1: Comparison of the Properties of Magnetite and Maghemite
inverse spinel structure, which may be represented as [ F e ^ ^ l F e ^ F e ^ ^ O ^ ,  
(where A and B are the tetrahedral and octahedral interstices respectively. At room 
temperature the electrical conductivity of Fe30 4 is high and the magnetisation 
intensity is anisotropic. In turn, y-Fe203 is a cation deficient form of Fe30 4, the 
structure of which may be described as [Fem]A[Fera13 33[Z12.67]bQ322’ where CH2.67 
denotes the 2.67 cation vacancies per unit cell (6). That y-Fe20 3 crystals are both 
strongly ferromagnetic and stable to oxidation has led to their widespread use, 
notably as memory chips in electronic equipment.
The synthesis of magnetite particles in aqueous solution is a topic that has 
received much attention. Conventional syntheses of magnetite, examples of which 
are given below, rely upon extreme reaction conditions.
800°C 800°C
oc-FeOOH ----------► Fe20 3  ► Fe3C>4 (7)
[H2]
300°C
























FeCO, ---------- ► Fe3C>4 (9)
3 [<VN2]
800°C
Fe [HJ »  Fe3 °4  (10)
Less severe experimental procedures suggest the possibility of closer control over 
the crystallisation process. That Fe30 4 may be prepared from aqueous solution by 
precipitative methods is well recognised. Figure 5.1 shows a summary of the 
conditions in which magnetite may be formed in aqueous solution. These syntheses 
can be roughly classified into three main reaction routes:
Method 1: The room temperature neutralisation of mixed Fe(II)-Fe(III) solutions 
(11).
Method 2: The slow aerial oxidation of ferrous solutions (12,14,15).
Method 3: Precipitation of magnetite as a result of the addition of ferrous solution to 
a ferric precipitate (11,13,16).
Route 1 was investigated by Kiyama (11) who carried out the titration of a 
mixed ferrous/ferric solution against NaOH (Figure 5.2). On the basis of the 
experimentally-obtained titration curves, four classes of reaction products were 
formed, depending on the solution pH. The experimental observations were as 
follows:
A-B: Fe30 4 was formed locally, but redissolved after homogenisation to give 
ferrous and ferric hydroxo complexes. A portion of the ferric complex was 
precipitated as a-FeOOH.
B-C: Different ferrous precipitates were formed.
C-D: Precipitates of Fe(OH)2 and a-FeOOH were produced and after a few minutes 
a green precipitate was observed. Fe30 4 was then formed from the Fe(OH)2 and 
green complexes present in solution.
D-E: Represents the precipitation of all ferrous ions. At pH values exceeding 9, 
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Figure 5.2: Experimental titration curve of NaOH against a mixed Fe(II)/Fe(in) 
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Figure 5.3: Oxidation conditions for the formation of Fe30 4 described as a function 
of [NaOH]/[FeS04] and temperature (Adapted from (12))
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The experimental evidence suggested that in the pH range 6.5-9, Fe30 4 was formed 
by a reaction of a-FeOOH with the green complex. However, that the intermediate 
and final reaction products differ in morphology indicates that the precipitation of 
Fe3<I>4 may result from a direct reaction between ferrous and ferric hydroxo 
complexes, rather than from a topotactic transformation of an intermediate product. 
The ferric hydroxo complexes may form by dissolution of both the green complexes 
and a-FeOOH present in solution. Kiyama also demonstrated that Fe30 4 may be 
precipitated directly by a neutralisation method in which solutions of NaOH and 
Fe(II)/Fe(III) are calmly brought together. Fe30 4 was observed as a black 
precipitate at the contact layer.
The slow aerial oxidation of ferrous precipitates has been widely discussed 
as a route to magnetite precipitation (described previously as method 2). Tamaura 
(15) described the precipitation of FC50 4  by air oxidation of Fe(OH)2 at pH 11 and 
25°C. He reported that the formation of Fe30 4 occurred in three stages, and 
investigated the species present at each stage by IR spectroscopy. The first stage 
involved the slow transformation of amorphous y-FeOOH to Fe30 4 and a-FeOOH. 
This was followed by rapid transformation of y-FeOOH to Fe30 4, by reaction with 
Fe(II) derived from Fe(OH)2; the quantity of a-FeOOH in solution remained 
constant. The third phase constituted a stationary state in which linear formation of 
Fe30 4 occurred. A small, constant amount of Fe(IH) oxide was identified. The 
oxidation rate was determined by the oxidation of Fe(II) adsorbed on the solid phase 
and was proportional to the fraction of the surface covered with oxygen (the solid 
phase may be either Fe30 4 or Fe(III) oxide).
Kiyama (12) carried out aerial oxidation of a ferrous solution at a range of 
temperatures and pH values. In the pH range 7-9 it appeared that the transformation 
occurred via a green rust phase, while at pH values exceeding 9, Fe30 4 precipitation 
proceeded directly from Fe(OH)2. It was suggested that Fe30 4 particles form and 
grow by the slow coprecipitation of FeOH+ with ferric hydroxo complexes formed 
by oxidation. That green rusts were not observed above pH9 was to be expected, 
since it has been reported that they are only precipitated in neutral and mildly basic
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conditions. At pH values exceeding 9, the reaction appeared to proceed via a ferric 
oxide intermediate.
Magnetite may also be precipitated by addition of ferrous solution to a ferric 
precipitate (method 3). Mann (13) prepared magnetite by the room temperature 
transformation of ferrihydrite (5Fe2 0 3.9H20 ) in the pH range 7-9; TEM 
examination showed that the reaction proceeded via a green rust intermediate. It 
was also demonstrated that magnetite may be synthesised by the addition of a 
ferrous solution to a-FeOOH at pH 13 (11). A likely mechanism involved the slow 
dissolution of the precipitates, and subsequent reaction between ferrous and ferric 
hydroxo complexes present in the solution. Tamaura (16) monitored the 
transformation of amorphous y-FeOOH during addition of ferrous solution at 25°C 
and pH value of 7.3. He suggested that a pH value of 7.3 was necessary for the 
adsorption of Fe(II) ions on the Fe(M) oxide. Fe30 4 was then formed by a two-step 
reaction, in which the adsorption of Fe(II) on amorphous y-FeOOH was followed by 
transformation to Fe30 4. The reaction proceeded via a dissolution-precipitation 
process.
Thus, it can be seen that a number of different preparative methods to 
magnetite have been described and that a variety of mechanisms may be operative. 
However, magnetites of variable composition and order can be produced, and it is to 
be noted that less extreme reaction conditions, that is those involving lower 
temperature and pH, tend to favour more disordered structures than high pH and 
temperature syntheses. Consideration of the reaction intermediates provides an 
explanation of these observations. Aqueous phase preparations involve green rust or 
oxyhydroxide intermediates; the subsequent dehydration and transformation of these 
compounds is favoured at higher temperatures. A high pH also favours oxo rather 
than oxy bridges in the product. A summary of reaction products obtained as a 
function of pH and temperature is given in Figure 5.3.
In his review of the mechanisms of formation of iron oxides and 
oxyhydroxides at room temperature, Misawa (7) argued that Fe30 4 could be formed 
via the topotactic transformation of green rusts or green complexes as a result of
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Green complexes and green rusts are formed during aerial oxidation of neutral and 
slightly basic ferrous solution.









Green complex I and green rust I are formed in the presence of chloride ions, green 
complex II and green rust II in sulphate solutions; these complexes can be 
represented as [Fe(II)2Fe(III)1Ox(OH)y]<7-2x-5'>+ and [Fe(II)1Fe(III)IOx(OH)y]<5-2x-y>+ 
respectively. The formation of green complexes and green rusts is influenced by the 
electrostatic and steric effects of coexisting anions such as the Cl" and S042" which 
may in turn affect the configuration of these complex cations, and the oxygen 
stacking in the green rust crystals. The changes in oxidation state and packing 
sequence of oxygen layers with transformation is summarised in Table 5.2. It is 
reasonable to consider that it would be unfavourable for Fe(OH)2, which has 
hexagonal close-packed oxygen layers, to transform directly to either Fe30 4 or 
Y-FeOOH, whose structures are based on cubic close-packed oxygen layers. Thus, 
green rusts, having hexagonal and cubic close-packed oxygen layers, may be formed 
as intermediates en route to the end products of reaction. The oxidation of Fe(OH)2
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Green Rust I Green Rust II Fe30 4 y-FeOOH
Fe(n):Fe(m) 2:1 1:1 1:2 0:1
Packing Sequence -ABCBCACAB- -ABAC- -ABC- -ABC-
of Oxygen Layer hhc hc c c
Table 5.2: Packing sequence of a number of iron oxides
proceeds by the diffusion of protons and electrons through the crystal lattice to the 
surface, and accompanies the shear of oxygen in the lattice; this occurs during the 
introduction of cubic layers into a hexagonal structure, and results in the formation 
of the green rusts. On rapid oxidation of the intermediate green rust phases, a ferric 
oxyhydroxide with a distorted cubic close packing of oxygen is formed. However, 
in the formation of Fe3 0 4, two oxygen ions per three molecules of Fe(OH)2 must be 
removed by dehydration and deprotonation mechanisms. When oxidation proceeds 
slowly, the period for the removal of oxygen from the lattice and for the 
rearrangement of oxygen and iron in the crystal lattice would be long enough for the 
formation of Fe30 4 to be viable. Precipitation of Fe30 4 also occurs via the slow 
aerial oxidation of green complexes. The configurations of green complexes and 
green rusts are similar, and as such, the formation of Fe30 4 via green complexes can 
be considered in an analogous manner to that proposed for green rust intermediates.
That the transformation mechanism of green rusts to magnetite need 
necessarily occur via a solid state transformation, as implied by the term topotactic 
is, however, in contradiction to the apparent dissolution-precipitation route 
identified by TEM examination of magnetite reaction solutions (13). Indeed, a 
dissolution step prior to magnetite precipitation is consistent with the suggestions of 
Tamaura (15,16) and Kiyama (11,12) who consider magnetite to form directly from 
ferrous and ferric hydroxo-species present in solution, the ferric complexes deriving 
from ferric oxide intermediates. Such a mechanism suggests that the three main 
reaction schemes discussed earlier may all proceed by a dissolution-precipitation 
route. Furthermore, this would imply that the nature of the intermediate phase is not
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critical in defining the final mechanism of magnetite precipitation.
Thus, to summarise, magnetite formation from aqueous solution is most 
likely to occur through the reaction between ferrous and ferric hydroxo-species. The 
ferric complex may be derived from green rust in the pH range 7-9 or from 
precipitated ferric oxide above pH 9.
5.2: EXPERIMENTAL METHOD
As discussed in the introduction, a number of synthetic routes exist to 
magnetite formation. The slow aerial oxidation of a suspension of Fe(OH)2 at pH 
8.5 and temperature 60°C, in the presence of apoferritin was employed here to grow 
magnetite particles within the protein molecule.
Apoferritin was prepared from native horse spleen ferritin as described in 
Section 3.1.1. 4cm3 of a solution l^M in apoferritin, and 0.05M in pH 8.5 AMPSO 
(3-[(l,l-Dimethyl-2-hydroxy-ethyl)amino]-2-hydroxy-propan esulfonic acid) buffer 
was purged with argon during equilibration in a water bath at 55-60°C. A solution 
of Fe(II) was prepared by the dissolution of ferrous ammonium sulphate 
[(NH4)2S0 4 FeS0 4.6H2 0 ] in deaerated water to a concentration of 24mM.
Additions of the ferrous solution were then made to the protein solution under argon 
flow, 0.05ml being added every 20 minutes until a total volume of 0.5ml had been 
added. A very slow oxidation rate was initiated during the early stages of the 
reconstitution. A few cm3 of air were introduced into the solution via a Pasteur 
pipette, approximately thirty minutes after the addition of the first aliquot of Fe(II) 
solution. Air was then similarly introduced ten minutes after the addition of the 
subsequent two portions of Fe(II) solution. All further additions of ferrous solution 
were made without further oxidation. On completion of the ferrous solution 
additions, samples were taken for TEM. The protein samples were examined both 
stained and unstained. A portion of the solution was also left open to air and 
samples were taken after time to monitor the stability of any crystallites formed
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within apoferritin to oxidation in aqueous solution.
A control reaction was carried out in analogy to the protein loading 
experiment by the addition of the ferrous solution in aliquots to 4cm3 of a deaerated 
solution 0.004M in NaCl, 0.05M in AMPSO buffer pH 8.5 at 55-60°C. Samples for 
XRD and TEM were taken immediately after reaction and after a period of two 
weeks during which the solution had been left open to aerial oxidation. Samples 
were also taken for TEM during the synthesis in order to investigate any 
intermediates present. These grids were examined immediately in order to reduce 
the risk of oxidation.
Investigation of Products 
5.2.1: Electron Microscopy
Samples were prepared for transmission electron microscopy (TEM) by 
placing a carbon-coated, formvar-covered copper electron microscope grid on a drop 
of the reaction solution as outlined in Section 3.1.10. Negative staining of the 
protein grids was achieved using 1% uranyl acetate solution for approximately two 
minutes. Excess solution was again removed by drawing the grid over lint-free 
paper, and the grid was allowed to air-dry. In order to limit the artifactual saline 
background on the protein-loaded grids, these grids were washed prior to 
examination; the grids were passed once through the meniscus of distilled water and 
were air-dried. To confirm that all diffraction patterns were obtained only from the 
mineralised cores, EDX analysis was performed on the area selected for diffraction, 
and the corresponding transmitted image was recorded. Thus, the possibility that 
saline or non-specific oxidation products were contributing to the protein core 
electron diffraction patterns was excluded.
5.2.2: XRD Studies
Samples for XRD were obtained by centrifuging portions of the reaction 
solution, decanting off the mother liquor and finally drying the residual solids under 
vacuum desiccation.
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1 0 0  nm
Figure 5.4a: Crystals formed in protein experiment 
Figure 5.4b: Crystals formed in control experiment
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5.3: RESULTS
In the control experiment, addition of the initial ferrous solution aliquots to 
the buffer solution generated a white precipitate; with slow oxidation this was 
replaced by a green gelatinous precipitate. After approximately one hour, a blackish 
discolouration was noted and on completion of the ferrous solution additions, a 
black precipitate which was sensitive to an applied magnetic field, settled out of 
solution, leaving a colourless supernatant. Repetition of the procedure in the 
presence of apoferritin resulted in an initial cloudy appearance of the solution, with 
a blackish discolouration developing after about one hour. No green-coloured 
intermediate appeared during this process. After all additions of the Fe(II) solution 
had been made, the bulk solution was blackish in colour and no precipitate was seen.
TEM examination of the protein and control preparations revealed crystals of 
remarkably different size and morphology (Figure 5.4). The control solution 
contained a heterogeneous population of crystals of size range 4-70nm. A variety of 
different morphologies consistent with magnetite/maghemite were observed, 
ranging from poorly defined spherical crystallites, to cubic and cubo-octahedral. 
Some needle-like crystals were also noted, and were identified on the basis of their 
morphologies as goethite (a-FeOOH) (10). In contrast, the crystallites in the protein 
experiment presented a homogeneous population of particles, being spherical in 
shape and displaying a narrow size distribution (Table 5.3 and Figure 5.5). These
Sample Mean Diameter (A) Standard Deviation (A)
Magnetite cores in ferritin 61 12
Native ferritin cores 78 6
Table 5.3: Statistical data comparing magnetite and ferrihydrite ferritin cores
crystals are comparable in size and morphology to the ferrihydrite (5Fe2 0 3 .9H20 ) 
cores of native ferritin (Figure 5.5). Negative staining of the protein grids confirmed 
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Figure 5.5: Particle size distribution of crystals formed in protein experiment, 
compared with that of native ferritin
50nm
%■
Figure 5.6: Image of reconstituted protein, negatively stained to show stability of 
protein subsequent to heat treatment
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seen that the restricted volume and environment provided by the apoferritin shell 
controlled both the size and morphology of the crystals generated within.
Electron diffraction identified the crystals formed in the protein and control 
reactions as either crystalline magnetite (Fe30 4) or maghemite (y-Fe2 0 3) (Figures 
5.7a and b, and Table 5.4). A distinction between magnetite and maghemite cannot
d Value (A) 
Protein Exp
d Value (A) 
Control Exp.
d Value (A) 
Theoretical Wo
4.81 4.85 8
2.945 3.016 2.967 30
2.558 2.528 2.532 100
2.099 2.086 2.099 21
1.715 1.722 1.715 10
1.636 1.621 1.616 30
1.499 1.484 1.485 40
1.286 1.281 10
“ 1.094 1.093 12
Table 5.4: Electron Diffraction Data from Control and Protein Experiments
be made solely on the basis of electron diffraction data, since both materials possess 
similar spinel-type structures which vary little in their cell dimension (Table 5.1). 
Only weak superlattice lines present in the maghemite spectrum, which are of 
insufficient intensity to be recorded by electron diffraction, definitively show the 
crystals to be maghemite rather than magnetite. However, the experimental 
observations suggested that magnetite was formed under the anaerobic conditions of 
the experiment. The crystals produced initially were black in colour as is 
characteristic of magnetite, and oxidation readily occurred after exposure to air to 
give red/brown particles typical of maghemite. That a magnetic iron oxide was 
formed within the protein rather than ferrihydrite was shown unequivocally from the 
diffraction data from the cores (Table 5.5). Not only do the patterns fit much better 
to magnetite than they do to ferrihydrite, but a line is observed at a d-value of 
2.945A; the largest d-value expected from ferrihydrite is at 2.50A. The broadening 
of the diffraction lines in the protein experiment can be attributed to the small 






Figure 5.7a: Electron diffraction pattern from crystals in protein experiment. Arrow 
indicates diffraction band at 2.97A
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Figure 5.8a: EDX spectrum from protein experiment 
Figure 5.8b: EDX spectrum from control experiment
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d Value (A) 
Protein Exp
d Value (A) 
Magnetite










Table 5.5: Comparison of the fit of electron diffraction data from the 
protein cores to magnetite and ferrihydrite
* The appearance of this line unequivocally shows that the protein cores 
are ferrihydrite. The largest d-value observed for ferrihydrite is 2.50A.
EDX analysis further verified that the particles were iron-containing 
minerals (Figure 5.8) and that no background saline contributed to the diffraction 
patterns. The sodium and sulphur signals in the spectrum result from reaction 
solution adventitiously dried down in the background of protein cores, and the 
silicon from vacuum grease.
High resolution TEM studies (HRTEM) were also carried out on crystals 
formed in the ferritin and control experiments. The observed lattice planes and 
interplanar angles correlated directly with predicted data for magnetite. Images 
from the magnetite control crystals showed lattice fringes running continuously and 
coherently over the total width of the individual particles. Figure 5.9a shows a 
crystal displaying three sets of fringes, two sets of the {111) type at 70° to each 
other, and one set of {200} type at 54° to these (doo2= 4.198A). The crystal is 
bounded by {1 1 1 } faces, as is consistent with the intrinsic stability of {1 1 1 } faces in 
magnetite. Despite the very low contrast shown by images of ferritin cores, 
HRTEM images of the mineral cores of the protein sample were successfully 
recorded, and further demonstrated the crystalline nature of the particles. A ferritin 




Figure 5.9a: Lattice image of a magnetite control crystal 
Figure 5.9b: Lattice image of "magnetoferritin" core
2 0 0 n m
Figure 5.10a and b: Micrograph and electron diffraction pattern from green 
rust/lepidocrocite intermediate
Crystal type 1 = Green Rust Crystal type 2 = Lepidocrocite
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angular separation of 54°, is shown in Figure 5.9b. The lattice planes resolved in 
this crystal are thus comparable to those observed in the control sample.
Subsequent to the preparation of magnetite in the control and protein 
solutions, the Argon flow was discontinued and the reaction solutions were exposed 
to the atmosphere. In the control experiment, no change in the appearance of the 
precipitate was observed, even after a period of two weeks. However, within a few 
minutes of exposing the protein solution to air, a colour change from black to 
red-brown was observed. The electron diffraction data from the oxidised protein 
cores showed patterns consistent with magnetite/maghemite. However, as discussed 
previously, electron diffraction can not be used to differentiate between magnetite 
and maghemite. Never-the-less, the colour change observed on exposure of the 
sample to air is characteristic of the oxidation of magnetite to maghemite. It is well 
documented that maghemite is the product of wet oxidation of magnetite 
(10,13,14,18,19) and that the oxidation is accompanied by a colour change from 
black to red-brown (14). Indeed, the rapid oxidation of the protein cores is 
consistent with the results of Farrell (19), who described the oxidation of a 
magnetite sample of large surface area (70m2/g) within a few minutes. On 
approximation of the cores to spheres of mean diameter 6 .1nm, a value for the
d Value (A) 
Experimental













Table 5.6: X-Ray diffraction data from control crystals after oxidation.
The experimental data is compared with the theoretical data for maghemite.
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surface area to mass ratio can be estimated as 190 m2/g; a very rapid oxidation of 
these particles would thus be anticipated. XRD of the oxidised control crystals 
showed weak superlattice lines characteristic of maghemite (Table 5.6).
The lack of an observable colour change in control solutions on oxidation 
suggested that only a proportion of the crystals underwent oxidation. If the control 
particles are assumed to have an approximately cubic morphology, with dimensions 
in the range 4-70nm, the surface area to mass ratio can be calculated to vary from 
290 m2/g to 17 m2/g; the variation in surface area to mass ratio is very large, and 
only the smaller particles may be expected to spontaneously oxidise at room 
temperature (19).
The oxidation of magnetite to maghemite occurs by a one phase topotactic 
transformation. A proposed oxidation mechanism suggests that during oxidation, 
the Fe3 0 4 structure is retained from a 33% to 22% Fe(II) content. In the 
concentration range 22-8.5% Fe(II), the lattice of LiFe5Og appears, indicating the 
creation of cation vacancies on the "lithium" sites of the structure; LiFesOg is 
described by a primitive cubic lattice, of lattice dimension a^ and space group P432. 
With further oxidation, a 8.5-6.5% Fe(II) concentration range is achieved, and the 
tetragonal reflections of y-Fe2 0 3 emerge. The vacancies and cations are ordered 
along a spiral of the lithium sites, which results in the characteristic tetragonal 
symmetry. Inherent in the model for oxidation of Fe30 4 to y-Fe2 0 3 is the 
continuous change in stoichiometry. Indeed, discontinuities in the composition of 
these minerals are relatively common, as is typical of compounds which change 
composition via an anion vacancy mechanism. David and Welch (21) have shown 
that oxidation of magnetite to maghemite only occurs in the presence of water, since 
a small proportion of combined water is essential to the stability of the y-Fe2 0 3 
lattice. The presence in the lattice of hydroxyl ions replacing some of the oxygen 
anions may act to partly compensate for the electrostatic effect of the vacant cation 
sites.
Examination of the control experiment in the early stages of reaction showed
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the major phase present was a poorly crystalline lepidocrocite in addition to a small 
quantity of green rust. At a later stage of reaction, the principal phase was a green 
rust, together with a much reduced proportion of lepidocrocite (Figure 5.10a). The 
iron oxides present were identified by their respective morphologies. Electron 
diffraction showed no contribution from the y-FeOOH, indicating that it was of low 
structural order (Figure 5.10b). Diffraction patterns from the green rust could not be 
correlated to those expected from either green rust I or green rust II (Table 5.7). The
d Value (A) 
Green Rust I 
(Chloride)
d Value (A) 
Green Rust I 
(Sulphate)
d Value (A) 
Green Rust II
d Value (A) 
Experiment
8.02 7.49 10.92 2.592
4.01 3.84 5.48 1.510











Table 5.7: Comparison of electron diffraction data obtained from green rust 
intermediate compared with that from green rust I and green rust II.
structure of the green rust precipitated from a solution is dependant on the anions 
present in the reaction solution, green rust I being formed in chloride solution, green 
rust II in sulphate solution. Since a variety of anions (including both chloride and 
sulphate) were present in the experimental solutions, it is not unreasonable that the 
particular green rust precipitated displays a different structure than that expected in 
the presence of only sulphate or chloride.
The presence of these phases as intermediates in the precipitation of 
magnetite is consistent with the results quoted in the literature (20). Kiyama (12) 
reported green rust intermediates in the pH range 7-9, whilst Tamaura discussed the 
precipitation of an amorphous lepidocrocite at high pH (16). Thus, the presence of
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both green rust and lepidocrocite at pH 8.5 is not inconsistent with their 
observations. The increased proportion of green rust present in the reaction solution 
prior to magnetite precipitation suggests that amorphous lepidocrocite may be a 
kinetically favoured phase, converting to green rust by a dissolution-reprecipitation 
process with time. Additionally, since the oxidation process was carried out by 
introducing air with a Pasteur Pipette, oxidation of the Fe(II) in solution was not 
necessarily a uniform process. Introduction of a quantity of air may have been 
sufficient in the early stages of reaction, when the concentration of iron ions was 
low, to oxidise most Fe(II) to Fe(III) and thus form a ferric oxyhydroxide rather than 
a mixed valence green rust compound. With further addition of ferrous solution 
aliquots, the proportion of Fe(II) to Fe(III) may have been such to favour green rust 
rather than lepidocrocite formation. Hence, precipitation of magnetite in the control 
reaction occurred via poorly crystalline lepidocrocite and green rust intermediates.
5.4: DISCUSSION
It is well documented that apoferritin may be reconstituted from Fe(II) under 
oxidising conditions to form a ferric core analogous to that formed in vivo. 
Traditionally, the oxidation of Fe(II) to Fe(III) accompanying core formation was 
monitored indirectly, either being biased towards iron accessible to chelators or 
toward Fe(III) in optically detectible complexes; these routes appeared to 
demonstrate that complete Fe(II) oxidation in the presence of the protein was rapid. 
However, the use of X-ray absorption spectroscopy (XAS) to measure the kinetics of 
oxidation suggests that the apoferritin shell may stabilise most of the iron present in 
solution as Fe(II) for several hours, even when air is bubbled through the solution 
(22,23). Apparent differences between data obtained from the various techniques 
can be related to the fact that some techniques may be biased towards iron in 
particular environments. XAS measured contributions from Fe(III) in all 
environments, and thus demonstrated that the oxidation of Fe(H) added to apoferritin 
may follow at least two paths; the rapid oxidation of a small number of Fe(II) atoms
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or the sequestration of a large number of Fe(II) inside ferritin. Uptake of ferrous 
ions by apoferritin could result in the formation of an insoluble ferrous precipitate 
within the protein. Oxidation would then occur slowly at the buffer/ferrous oxide 
interface, further oxidation being rate-limited by diffusion of oxygen through the 
solid ferric/ferrous core.
It is the ability of ferritin to take up Fe(II) from solution and sequester it 
within its volume without rapid oxidation that makes the synthesis of magnetite by 
the route described feasible. The experimental data quoted demonstrates that 
magnetite precipitation in the control experiment occurs via a green rust 
intermediate. A similar mechanism may be operative in the precipitation of 
magnetite within ferritin. However, since ferritin functions under normal 
reconstitution conditions to form a ferrihydrite core, it seems probable that the 
precipitation of magnetite within ferritin proceeds via a ferric oxide (in this case 
ferrihydrite) intermediate rather than the green rust as observed in the control. 
Indeed, Mann (13) demonstrated that ferrihydrite is a potential precursor to 
magnetite. Thus, the mechanism of magnetite formation proposed by Tamaura 
(16,17) is also a feasible route to core precipitation. In the presence of an oxidising 
agent, ferritin is catalytic in iron oxidation. Hence, in accord with the hypothesis 
concerning the ferroxidase behaviour of ferritin deduced from XAS studies, on a low 
level and slow oxidation rate, a small ferric core may initially form. Addition of an 
aliquot of ferrous solution will result in adsorbtion of Fe(II) by the ferric core; 
ferritin can take up Fe(H) without oxidation, and the pH is such that metal ions may 
be adsorbed by the core (24). Reaction may then occur between ferrous and ferric 
hydroxo complexes and result in the precipitation of magnetite by a 
dissolution/precipitation process. Further growth of the magnetite particles could 
proceed via the formation of a ferric oxide layer on the existing Fe3 0 4 core, 
followed by further adsorption of Fe(II) on that surface, and then subsequent 
transformation into Fe30 4.
Reconstitution experiments carried out with a range of recombinant mutant 
ferritins modified by site-directed mutagenesis, have led to the identification of the
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ferroxidase site in human ferritin (25-27). The catalytic site is present on the 
H-chain polypeptide only, and the protein residues Glu27, Glu62 and His65 
constitute the binding site (28,29). A proposed nucleation site lies on the internal 
surface of the protein, and is coordinated by ligands Glu61, Glu64 and Glu67 
(26,30,31). These sites would still be anticipated to coordinate Fe(II)/Fe(III) at the 
pH and temperature of the magnetite synthesis. However, in the presence of 
unrestricted oxidant, the protein would not be catalytic in Fe(II) oxidation under 
these reconstitution conditions; Fe(II) would be very rapidly oxidised in the bulk 
solution. Thus, that the protein may be successfully reconstituted in the extreme 
reaction conditions utilised in the magnetite synthesis indicated that, under 
anaerobic conditions, the protein provides an environment favourable to the 
accumulation of Fe(II). Oxidation of Fe(II) probably occurs either at the protein 
ferroxidase site, or on the surface of the preformed core. However, since Fe(II) 
oxidation proceeds so readily at high pH values, it seems unnecessary to invoke the 
activity of the ferroxidase centre to explain Fe(II) oxidation. Indeed, once an iron 
crystallite has formed within the protein, oxidation may proceed directly on the core 
surface (32-35); chelation of Fe(II) by the mineral facilitates oxidation. Thus, 
although a small proportion of Fe(II) ions may be oxidised at the ferroxidase site 
during magnetite synthesis in ferritin, the oxidation event probably occurs with 
greatest frequency at the core surface.
5.5: SUMMARY
Magnetite particles were produced within the ferritin cavity by a synthesis 
involving the slow oxidation of Fe(II) within the protein at pH 8.5 and 60°C. Rapid 
oxidation of these particles in an aerial environment resulted in transformation to 
maghemite. These crystals were of small size (=60A) and were spherical in shape. 
This reflected the control of the protein environment on crystal growth and is in 
direct contrast with the crystals observed in the control reaction. "Magnetoferritin" 
constitutes a biocompatible magnetic label.
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Membrane structures are ubiquitous in all organisms, and form a basic 
constituent of even the most elementary of life forms. Biological membranes, as 
fluid two-dimensional matrices, fulfil many important functions, including 
compartmentalisation and the control of intracellular and extracellular exchange of 
materials (1). That organised assemblies of amphiphilic molecules can readily be 
created in vitro has facilitated much study into biological systems (2,3), and has 
inspired the development of "membrane mimetic chemistry" (4-6). The latter 
focuses attention on the role of membranes in controlling intravesicular chemical 
processes, and aims to gain inspiration for the development of novel chemistry in 
simple membrane systems. The surface of vesicles (7-19), bilayer lipid membranes 
(20,21) and monolayers (22-24), formed from both natural and synthetic surfactants, 
have proven to be excellent sites for crystal nucleation and growth. Both the 
volume-constraint imposed by the vesicle wall, together with more direct interaction 
of the developing nuclei with the membrane itself, are considered to exert control 
over crystal nucleation and growth. In providing an encapsulated volume unique 
from the bulk solution, vesicles also permit the physical separation of chemical 
species. On this basis, their use as novel micro-reactors for processes such as solar 
energy conversion, and electron and energy transfer has been investigated (25,26). 
Indeed, such organised media have been demonstrated to modify reaction rates and 
yields, as compared with those observed in homogeneous solution (8,9,17,19). 
Compartmentalised environments can influence reactivity through enhanced cage 
effects, high microviscosities, localisation of reactants and pre-orientation effects 
(4,6).
6.1: Background
Phospholipid bilayer structures, analogous in many ways to biological 
membranes, may readily be prepared in vitro. Indeed, concentric multilamellar
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liposomes are formed spontaneously on swelling dried phospholipid molecules with 
aqueous solutions. The development of a novel technology leading to the 
construction of BLM's (Black Lipid Membranes) and vesicles has facilitated studies 
on the structure and function of artificial membranes. For example, model systems 
have been exploited to investigate membrane permeability, osmotic activity, phase 
separation, fusion and molecular motion within the membrane.
6.1.1: Structure
Exemplary Surfactant Critical Packing 
Parameter v/a0lc
Structure Formed
Single-chained lipids with 
large headgroup areas <1/3 Spherical micelles
Single-chained lipids with 
small headgroup areas
1/3 -1/2 Globular or 
cylindrical micelles
Double-chained lipids with 
large headgroup areas and 
fluid chains 1/2 - 1 Flexible bilayers
Single-chained lipids with 
small (uncharged) headgroups
Vesicles
Double-chained lipids with 
small headgroup areas
~ 1 Planar bilayers
Double-chained lipids with 
small headgroup areas > 1 Inverted micelles
Nonionic lipids
Table 6.1: The structure of surfactant assemblies as predicted from the
geometry of the constituent molecules
(Adapted from (27)) (Abbreviations defined in the text)
Amphiphilic molecules organise in solution to form a wide range of 
structures (Figure 6.1). This self-assembly of surfactant molecules into well-defined 
structures is governed by the interactions of the hydrophobic tails and hydrophilic
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Figure 6.1: Schematic diagram of organised assemblies formed by amphipathic 
molecules in aqueous solution
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the other
Figure 6.2: Motion exhibited by surfactant molecules in vesicular membranes
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headgroups with the aqueous phase. The surfactant chains are excluded from the 
aqueous phase while the headgroups remain in contact with the solution. The 
favoured aggregate structure for a given surfactant can be predicted on the basis of 
energetic and geometrical considerations (27). A surfactant may be described in 
terms of its optimal headgroup surface area a^ hydrocarbon chain volume v and 
maximum chain length lc. The favoured aggregate is that which exhibits the 
smallest aggregation number while maintaining the optimal headgroup area; larger 
structures are entropically disfavoured, while smaller structures, in which packing 
constraints cause the surface area to increase above a0, are energetically disfavoured. 
Table 6.1 summarises the predicted structures for surfactants which have been 
geometrically-defined by the critical packing parameter v /a ^ . It can be seen that 
vesicles are generally formed from amphiphilic molecules of large headgroup area, 
and possessing double hydrocarbon chains.
6,1.2: Physical Properties
The physical properties of vesicles vary as a function of the membrane 
composition, and may thus be correlated with the characteristics of their lipid 
constituents.
Phase Behaviour
Lipid membranes exhibit thermotropic mesomorphisms analogous to those 
observed in liquid crystal systems (28). On heating, phospholipids undergo an 
endothermic transition at a temperature Tc, which lies well below the true melting 
point. At this temperature, a change in state from a highly-ordered gel arrangement 
to the liquid crystalline phase occurs, resulting in an associated increase in the 
conformational freedom of the hydrocarbon chains (29). The gel state is 
characterised by packing of the phospholipids into a bilayer structure in which the 
alkyl chains are organised into highly ordered pseudo-hexagonal arrays. Heating 
above Tc induces disruption of the 2-dimensional crystalline structure, and the 
hydrocarbon chains can be considered to have "melted". The liposomes may
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consequently be associated with a greater mobility of the constituent surfactant 
molecules, and increased permeability (2). The phase transition temperature of a 
membrane necessarily depends on the interactive forces between the lipid 
molecules; as may be anticipated, Tc is usually raised by an increase in the length, 
and by a decrease in the branching and number of cis double bonds in the 
hydrocarbon chain (30). Phospholipid membranes composed of mixed lipids exhibit 
complex transitions (30) which depend upon the miscibility of the lipid molecules. 
Phase transitions may be observed either at temperatures characteristic of the 
individual lipids, or at intermediate temperatures (29,30).
Dynamics
Vesicles in the liquid crystalline state are dynamic structures, in which the 
lipid molecules undergo the internal motions summarised in Figure 6.2. Lateral 
motion is rapid, while transverse motion across the bilayer (termed flip-flop) is 
much slower. This derives from the activation barrier associated with moving the 
polar headgroup through the hydrocarbon core of the bilayer (1,4,29).
Permeability
The permeability of vesicle membranes is temperature-dependant. While 
liposomes of dipalmitoyl lecithin are extremely impermeable to water and other 
solutes when below their transition temperature, they are more than 1000  times more 
permeable to water above Tc (2). Liposomes in their liquid crystalline state are 
permeable to small neutral molecules, but only semipermeable to simple electrolytes 
(2,28,29); a much greater energy barrier is associated with bringing a charged, as 
compared with a neutral species, into the hydrocarbon phase. The structure of the 
charged headgroup has some influence on ion diffusion rates, but is not considered 
to be an overriding factor in anion/cation discrimination (28). In contrast, the 
packing of the alkyl chains is important in determining diffusion rates; the 
permeability of vesicles is generally enhanced with increasing unsaturation and 
decreasing chain length (30). The mechanism of ion diffusion has been rationalised
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in terms of transient alterations in the membrane structure (2,28,29). A limited area 
of the membrane may change conformation such that the ion can penetrate the 
hydrocarbon centre of the bilayer through a "lattice vacancy" or "transient pore" and 
subsequently diffuse across the membrane in a pocket of free volume (29). The 
diffusion of protons and hydroxyls, however, forms an exceptional case; the greater 
rate of diffusion of these ions as compared with other simple ionic species has been 
interpreted in terms of an H-bond mechanism (4).
6.1.3: Synthesis
Method of Preparation Liposomes Formed Reference






Extrusion of liposomes through 
polycarbonate membranes. Multicompartment 37
Introduction of an aqueous buffer into an 
ether solution of the phospholipid. Multicompartment 38,39
Ultrasonic dispersion of the lipid. Single compartment diameter 250A 40









Controlled injection of an ether solution 
into a warm aqueous solution.
Large, mainly 
single compartment 
diameter 0.1 - 1.0 pm
42
Removal of organic phase under reduced 
pressure from w/o microemulsions of 





Table 6.2: Summary of some routes to the preparation of vesicles
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Vesicles may be classified as small unilamellar vesicles (SUV), large 
unilamellar vesicles (LUV) or multilamellar vesicles (MLV). Unilamellar structures 
of diameter less than 1000A are classified as SUV, while those of larger diameter 
are LUV (31). Many synthetic routes to vesicles have been described, these yielding 
vesicles of differing size, structure and purity. A summary of the principal 
syntheses is given in Table 6.2. Vesicles may be prepared from both zwitterionic 
and acidic phospholipids, and indeed, from suitable combinations of lipids. An 
exceptional case is that of ethanolamine, which only forms stable vesicular 
structures in combination with other lipids (32). Certain synthetic surfactants may 
also adopt a vesicular structure in aqueous solution (33-35). As discussed 
previously, the critical packing ratio of a given surfactant molecule defines the 
energetically-favoured structure which is formed in solution.
6.1.4 Crystallisation in Vesicles
Vesicles have been utilised as surfaces on which to perform controlled 
precipitation reactions. Table 6.3 summarises the systems which have been 
investigated. The interest in vesicle-associated crystallisation has derived from a 
number of origins. Phospholipid vesicles may be considered to provide artificial 
cell membranes, and have thus been utilised as a basic system in which to model 
biomineralisation processes (43). To this end, the structural development of Ag20  
and Fe3 0 4 crystallites within egg PC unilamellar vesicles has been studied (10,11). 
The restricted vesicular volume has also been utilised to carry out novel material 
syntheses. Indeed, Bhandarkar and Bose (13) demonstrated that unique phases 
could be precipitated within small unilamellar vesicles. The use of vesicles as 
microenvironments for the development of novel chemistry has been rigorously 
investigated. Surfactant vesicles have proven to be ideal environments for the 
controlled growth of quantum-sized particles of materials such as CdS; reproducible 
populations of discrete crystallites may be produced in situ on either side of the 
vesicular membrane. The long-term stabilities of surfactant vesicles has enabled 
such systems to be exploited for purposes such as catalysis (8,9), water-splitting (19)
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Experiment Reference
Pd(II) was reduced on external surfaces o f DMPC/DODAB vesicles by 
chemical reduction. 7
Further metalisation was achieved via electroless plating with Pd, Cu, Ni, Co
K^PtC^ was encapsulated in polymerised vesicles, and was reduced to Pt(O) 
by UV irradiation.
The system was utilised for the catalysed hydrogenation of ethylene and 
cyclohexane.
8,9
A gjO  was precipitated within unilamellar egg PC vesicles by encapsulation o f  
AgN0 3  solution, and subsequent alkalisation o f the external solution
1 0
Intravesicular FegC^ particles were produced by encapsulation of FeCl2  in 
PC liposomes, followed by addition of OH- to the bulk solution
11
FegC^ particles were encapsulated in DODAC vesicles, and their influence 
on Benzophenone photochemistry was studied.
18
AICI3  solution was encapsulated in SUV PC vesicles, and AI2 O3  was 
precipitated by addition of OH". 1 2
Al/Mg, Al/Ca, Al/Ba, Al/Mg hydroxide particles were precipitated within PC 
SUV’s by encapsulation o f the appropriate solutions and addition o f OH' 
to the bulk solution.
13
Au was precipitated intra and extra vesicularly by co-encapsulation o f HAuCl^ 
and citrate in 2 :1 :1  phosphatidylcholine: phosphatidylserine: cholesterol vesicles 14
CdS was precipitated on the internal and external surfaces o f DHP vesicles. 
CdCl2  solution was reacted with H2 S.
15
Transmembrane electron transport was investigated.
CdS was precipitated in association with DODAC vesicles by encapsulation 
o f complexed Cd(II) ions.
16
CdS particles were produced in association with vesicles and were coated with 
R h(0) by UV reduction o f Rh(HI). 17,19
Table 6.3: Summary of precipitation reactions in vesicular systems
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and magnetic control of spin-coupling (18). In these applications, the vesicles not 
only provided a mechanism by which the active colloidal particles may be 
stabilised, but also created the spatial separation of reactants necessary for such 
electron transfer processes.
6.2: AIMS OF WORK DESCRIBED IN SECTION B
Crystallisation within two contrasting vesicle systems was investigated. 
Chapter 7 describes the development of gold particles within multilamellar 
liposomes. In contrast to the preparations outlined in Section 6.1.4, whose main 
emphases were to utilise vesicular structures in the development of both new 
materials and controlled chemical reactions, this study aimed to investigate the 
influence of the membrane on crystal growth. Thin-sectioning techniques were 
employed to investigate the vesicular cross-section, to show directly the 
membrane-crystal association, and to facilitate comparison of the intravesicular 
crystallites with particles produced in the extravesicular solution and in 
homogeneous solution. The influence of the membrane on crystallisation was 
studied by comparing the population, morphology and structure of intravesicular 
crystals precipitated within vesicles of differing compositions; the vesicle membrane 
was systematically altered by addition of secondaiy lipids to the basic egg PC 
component. The vesicles and crystals were studied by TEM, and further structural 
information on the gold particles was acquired by electron diffraction and lattice 
imaging techniques.
Chapter 8 provides an investigation into the precipitation of silver particles 
within unilamellar surfactant vesicles. Small particles of certain metals, of which 
silver is an example, can accumulate electrons to a large negative potential and thus 
catalyse electron-transfer processes. The interest in developing intravesicular silver 
particles derives from the potential value of the system in catalytic and electron 
transfer processes, and from a desire to study the changing crystal properties as a 
function of their size. Both the finite encapsulated volume and the presence of the
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membrane act to produce crystals of reproducible size. Additionally, the vesicle 
wall can provide spatial separation of reactants, and thus enable catalytic systems 
involving electron-transfer across the membrane to be formed. A range of 
methodologies were investigated to prepare intravesicular silver particles. The 
developing silver crystallites were monitored using UV/VIS spectrophotometry and 
in situ vesicle diameters were determined using light scattering techniques. 
Preliminary electron transfer experiments were performed, and the influence of dyes 
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CHAPTER 7 




Vesicular structures have been utilised as environments in which to carry out 
the controlled precipitation of small, discrete crystallites (1-7). Although these 
studies fully characterised the crystalline product of the reaction, little emphasis was 
put on the structural role of the vesicle in the crystallisation event. The work 
described in this chapter investigates the influence of the vesicular membrane on the 
nucleation and growth of intravesicular gold particles. Structural characterisation of 
both the crystallites and the vesicles was carried out by TEM, HRTEM and electron 
diffraction techniques. The vesicles were prepared for TEM examination using 
negative staining procedures, and by fixing, embedding and sectioning protocols, 
which enabled the in situ location of crystals with respect to the membrane to be 
ascertained. The crystal-membrane interaction was further investigated by 
monitoring the change in crystal size, structure, morphology and location, on 
systematic change of the membrane composition.
7.1; GENERAL EXPERIMENTAL PROCEDURES
7.1.1: Preparation of Vesicles
Preparation of Multilamellar Phosphatidylcholine Vesicles
Grade I egg yolk lecithin ( Egg Yolk Phosphatidylcholine (PC), mm 
772-787) was obtained from Lipid Products as an ampoule of 500mg lecithin in 5ml 
chloroform: methanol solution. Further dilution was carried out using a solution of 
composition 4:1 chloroform:methanol, to yield a concentration of 34mM in PC. A 
2cm3 portion was then evaporated to dryness in a 50cm3 flask, using a Buchi 
HB-140 Rotary Evaporator and vacuum pump. Complete extraction of the solvent 
was recognised by the production of a white, translucent film of dried lipid on the 
flask wall. Rehydration was achieved by the addition of 2-4cm3 of an aqueous 
solution of metal ions to give a lipid concentration of 34mM-17mM. The solution 
was then agitated with a few glass beads to remove the lipid from the flask walls.
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Addition of Further Membrane Components
Variation in the composition of the vesicles was accomplished by addition of 
further lipids to the PC solution prior to solvent removal. Selected lipids were 
dissolved in suitable non-aqueous solvents, and were added to the PC solution to 
give a concentration of 10 mol% of the entire lipid fraction. Multilamellar vesicles 
were then prepared as described for 100% PC samples.
Sonication
A uniform population of unilamellar vesicles was prepared by sonication of a 
solution of multilamellar vesicles. Sonication was carried out using a Soniprep 150 
sonicator, fitted with a Ti probe, at an amplitude of 9p. The vesicle solution was 
placed in an ice bath and nitrogen flow was maintained during sonication in order to 
minimise oxidative degradation of the lipids (8). Complete reduction to a 
population of unilamellar vesicles was generally accomplished after 5-10 mins 
sonication, as indicated by the production of a transparent solution; no further 
reduction in turbidity was achieved on increase of the sonication time.
7.1.2: Electron Microscopy of Vesicles
Vesicles were characterised by electron microscopy using a range of 
preparative techniques. Both unstained and negatively stained vesicles were 
studied, in addition to ultrathin sections prepared from fixed and sectioned vesicles.
Unstained Vesicle Samples
A carbon coated, formvar-covered Cu 400 mesh TEM grid was placed, 
carbon side downwards on a drop of the vesicle solution, and was left in place for a 
few minutes. The grid was then lifted carefully, excess solution was drawn off using 
lint-free paper, and the grid was permitted to air-dry prior to examination.
Negative Staining of Vesicle Samples
Although electron-transparent in the absence of metal-ion binding, vesicle
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1 0 0  nm
Figure 7.1: Vesicles negatively stained with (a) uranyl acetate and (b) ammonium 
molybdate. Membrane lamellae are arrowed.
Drying down of stain onto vesicle 
on TEM grid
Possible appearances of vesicles 
on grid after staining
Figure 7.2: Schematic representation of the negative staining of unilamellar vesicles 
(Adapted from (11))
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structures may be imaged using negative staining procedures. Vesicle sample grids, 
produced as described above, were stained within 30 minutes of preparation using 
1% ammonium molybdate solution or 1% uranyl acetate solution. Staining was 
carried out by placing a prepared vesicle grid, sample side downwards on a drop of 
the stain solution for 1-2 minutes. The grid was then lifted and excess solution was 
removed carefully using lint-free paper. Typical images of uranyl acetate and 
ammonium molybdate stained PC multilamellar vesicles are shown in Figures 7.1a 
and 7.1b respectively. Ammonium molybdate showed superior penetration of the 
PC membrane than uranyl acetate, as demonstrated by the ready observation of the 
membrane lamellae (indicated by arrows in Figure 7.1). However, the opposite 
charges of the M o042' and U 022+ ions causes them to interact differently with a 
given system; the stain which provides superior imaging is thus dependant on the 
membrane under investigation. Although staining procedures can provide general 
structural information on vesicles, they may also introduce some artifacts due to 
effects such as dehydration (9,10). Thus, such images are not suitable for the 
derivation of detailed structural information. The interpretation of images of 
negatively stained unilamellar vesicle was discussed by Johnson et al. (11), who 
demonstrated that the manner in which vesicles orient on sample grids plays an 
important role in determining the image of the vesicle bilayer structure gained on 
microscopic examination. As summarised in Figure 7.2, images consistent with 
both single and double bilayer structures can be obtained from a preparation of 
unilamellar vesicles. When SUV’s collapse to form cup-like structures, an electron 
microscopic image essentially indistinguishable from that of a true double 
membrane liposome is obtained. An image of a single bilayer structure is formed if 
the vesicles flatten on contact with the sample grids.
Fixing, Embedding and Sectioning
Liposomes were fixed, embedded and sectioned in order to provide an in situ 
impression of the vesicle membrane, and to clearly show the intravesicular volume. 
Fixation was carried out with a solution of composition 0.5%(w/v) tannic acid, 2%
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glutaraldehyde and 0.1M sodium phosphate buffer at pH 7.4. A portion of this 
solution was then added to an equal volume of liposomes, and the resulting solution 
was agitated over a period of 30 minutes. The fixative solution was then separated 
from the liposome suspension by microcentrifugation, and the resulting sample 
pellet was washed over 5-10 minutes with pH 7.4 phosphate buffer. 
Microcentrifugation was then again applied in order to separate the buffer from the 
fixed liposomes, and the washing procedure was repeated twice more. Post fixation 
was accomplished by incubating the sample with 1% 0 s 0 4 in 0.1M pH 7.4 
phosphate buffer for one hour at room temperature, before washing the solid twice 
with phosphate buffer. The liposomes were then dehydrated in acetone and 
embedded in TAAB hard EM resin. The pellet of fixed liposomes was combined 
with increasing concentrations of acetone: two portions of 70% acetone:H20  for 15 
minutes, two portions of 90% acetone:H20  for 15 minutes and then 2 portions of 
100% acetone for 30 minutes. Infiltration of the resin into the vesicles was achieved 
by mixing with two volumes of 50% resin:acetone and two volumes of 90% 
resin:acetone over 30 minutes in each volume, and finally with 100% resin for two 
hours. The resin was then exchanged and the sample was incubated overnight. The 
resin was finally cured at 60°C for 24-48 hours.
Ultrathin sections for TEM were prepared using an OMU3 ultramicrotome. 
Sectioning was accomplished using glass knives such that the floating sections 
appeared silver in colour; this corresponds to a thickness of 60-90nm (12). The 
prepared sections were supported on 300 mesh Cu TEM grids and were examined 
without further staining. Due to the beam-sensitive nature of such resins, 
microscopy was always performed with an objective aperture and specimens were 
examined at a low beam intensity wherever possible.
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7.2: PRELIMINARY EXPERIMENTS
A range of experiments were performed with the aim of developing a 
methodology for the nucleation and subsequent growth of gold crystals within 
vesicles. These preliminary experiments were carried out using 100% PC liposomes 
since PC constitutes the major lipid component of biomembranes, and can form 
stable membranes when used both on its own and in combination with secondary 
lipids. Gold was selected as an attractive system for study since colloidal gold may 
be produced under the relatively mild reaction conditions necessary to vesicle 
stability, and because it is also amenable to study by TEM. Indeed, the morphology 
and lattice structure of colloidal gold particles have been thoroughly characterised, 
and a number of crystal growth mechanisms have been suggested on the basis of 
high resolution lattice studies applied to crystals from the nucleus to bulk level.
Method
In all cases, multilamellar vesicles were prepared from 100% PC as 
described in Section 7.1.1, and control experiments were performed where 
applicable. All solutions were sampled for study by TEM, and vesicles were 
investigated both with and without negative staining.
7.2.1: Citrate Reduction
Hong et al. (13) described an experimental protocol resulting in the 
precipitation of gold within 2 :1:1 phosphatidylcholine /phosphatidylserine 
/cholesterol vesicles. A similar procedure was followed in which a portion of PC 
was evaporated to dryness, and was rehydrated with 2 cm3 of a solution of 
composition 5mM HAUCI4, 2.5mM K2CO3 and 10.2mM trisodium citrate. This 
metal ion solution was prepared immediately prior to use. The vesicle solution was 







Figure 7.3: Micrograph of negatively stained vesicles from "citrate reduction" 







Figure 7.4: Micrograph of control preparation from "citrate reduction" experiment 
(Section 7.2.1) and corresponding EDXA spectrum
170
Results
Reduction of HA.UCI4 to metallic gold occurred rapidly in both the vesicle 
and control experiments, as indicated by a colour change from pale yellow to purple; 
such purple colouration is indicative of light scattering from colloidal gold particles. 
Examination of the vesicle solution revealed the presence of electron dense particles 
(Figure 7.3) which were identified as gold by electron diffraction (Table 7.1) and
d calculated (A) 
vesicle solution
d calculated (A) 
control solution
d theoretical (A) 
for gold Wo
2.360 2.360 2.355 100
2.024 2.037 2.039 52
1.424 1.438 1.442 32
1.217 1.223 1.230 36
1.167 1.170 1.177 12
0.908 0.918 0.921 2 2
0.821 0.827 0.833 23
Table 7.1: Diffraction data from citrate-reduced vesicle and control 
experiments identifying colloidal particles as gold (FCC metal, a0 = 4.0786A)
EDXA studies (Figure 7.3). The images obtained showed that the vesicles present 
were stable, and thus demonstrated that the interaction of the metal ions and gold 
particles with the vesicles did not result in membrane instability. Two distinct 
populations of small (~10nm diameter) and large (~50nm diameter) crystals were 
observed, and were judged to be intravesicular and extravesicular particles 
respectively. The smaller crystals were of spherical morphology, and many 
appeared to be associated with the vesicular structures; in contrast, the larger 
particles tended to be of irregular form. The gold particles produced in the control 
experiment were also characterised by electron diffraction (Table 7.1), EDXA 
(Figure 7.4) and TEM (Figure 7.4). The crystals were of approximate diameter 
50-100nm and the majority showed irregular morphologies which often appeared to 
be a product of coalescence. A number of triangular, hexagonal and pentagonal 
crystals were also observed (a single-crystal study of the geometrically-shaped 
crystals is given in Section 7.5). These morphologies are consistent with those
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anticipated for colloidal particles produced by citrate reduction (14).
The TEM data strongly suggested that gold particles had been produced 
within vesicles. However, in contrast to the description of the preparation given by 
Hong et al. (13) who suggested that it was necessary to activate the reduction 
process by heating, reduction proceeded readily at room temperature. Thus, 
co-encapsulation of HAUCI4 with citrate does not constitute a satisfactory system for 
the study of in situ crystallisation processes within vesicles, since crystal nucleation 
may have occurred in the bulk solution prior to vesicle formation. In order to 
nucleate crystals in the presence of stable vesicle structures it would be necessary to 
initiate reduction subsequent to the encapsulation and equilibration of metal ions in 
vesicles.
7.2.2: Reduction by Carbon Monoxide
A large number of syntheses of colloidal gold have been described (14), 
examples of which are given in Figure 7.5. HAuC14 constitutes a common starting
Au Au
Hydroxylamin^SS\ s s^  Acetone
Carbon Monoxide Tannic Acid
Au M------------------  HAuC14  ► Au
A c e t y l e n e >'V\ s^ ^ I ) x a l i c  Acid 
Au Au
Figure 7.5: Selected Syntheses of Colloidal Gold
material in syntheses since it is both readily available, and easily reduced. Although 
the redox potential of HAuCl^Au facilitates reduction by a wide range of reagents,
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A uC14" + 3e- < = = ^  Au + 4C1' E °=  1.002 V
the number of reductants which could be utilised in the production of intravesicular 
gold were limited; the vesicle membrane must be both permeable and chemically 
inert to the selected reductant. Consequently, carbon monoxide was selected as a 
suitable reductant since phospholipid membranes are highly permeable to neutral 




Neutral CO passes readily Encapsulated HAuC14 is
across membrane reduced to Au
Figure 7.6: Schematic Representation of Intravesicular Reduction with CO 
Method
A solution of concentrations 5mM in HAuC14 and 0.01 M in TES 
(N-tris[Hydroxymethyl]methyl-2-aminoethanesulfonic acid) buffer was prepared, 
and was corrected to pH 7.5 using NaOH. A 2cm3 aliquot was then utilised to 
rehydrate the dried PC. The resulting vesicle sample, and a portion of the gold 
solution retained as a control experiment, were permitted to equilibrate overnight.
Results
Reduction was observed in the vesicle preparation after overnight 
equilibration, and in the control experiment after a few days. That the reaction had 
occurred in the control experiment in the absence of an added reductant indicated 
that either the increase in the pH of the gold solution, or the presence of the TES 
molecules had initiated reduction. Experiment showed that an increase in the pH of 
the HAuC14 solution alone did not result in reduction, even after incubating for a
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few weeks. Thus, the TES buffer was identified as being integral to the reduction 
event However, that reduction occurred more rapidly in the vesicle as compared 
with the control experiment suggested that the lipid also underwent oxidation, or 
that the PC membrane acted as a mediator in the redox process.
The intravesicular reduction process was further investigated by 
encapsulation of 5mM HAuC14 solutions which had been corrected to a range of pH 
values, in the absence of co-encapsulated buffer. The HAuC14 solution was utilised 
without correction of the pH (approximately pH 0), as well as being corrected to pH 
values of 2.5 and 6.5 prior to encapsulation. Aliquots of the gold solutions were also 
maintained as controls in each case.
Reduction was observed in all of the vesicle solutions, but was not noted in 
the control experiments. Thus, the presence of the PC molecules resulted in the 
reduction of HAuC14. Although the reduction event proceeded at all of the pH 
values investigated, the rehydration process was pH dependant At low pH levels, 
precipitation of the lipid was observed and only partial rehydration of the dried lipid 
was achieved; the majority of the lipid remained bound to the flask walls. In 
contrast, rehydration at pH 6.5 was facile.
It is well recognised that high concentrations of divalent and trivalent cations 
can result in the aggregation and precipitation of vesicles (17-19); high 
concentrations of an indifferent electrolyte such as NaCl can also result in reversible 
vesicle aggregation (20). The precipitation of vesicles is associated with strong 
binding of ions to the phospholipid molecules (17), which may cause a disruption in 
the organisation of the phosphate and choline groups on the PC vesicle surface 
(21,22). The pH dependence of binding may reflect changes in the conformation 
and hydration of the PC headgroups, together with variations in the structure of the 
aqueous AuC14" complex, which ultimately facilitate binding of AuC14' at low pH 
values. The effective charge of the headgroup is also pH-dependant. The 
phosphatidylcholine headgroup can become positively charged at low pH levels, due 
to protonation of the phosphate moiety of the headgroup. Thus, electrostatic binding 
of AuC14' to the lipid molecules would also be anticipated to be stronger at low pH.
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Strong binding of AuC14‘ ions to the liposomes may be anticipated to have initiated 
their destabilisation and precipitation.
7.3; REDUCTION IN PC VESICLES
The preliminary experiments demonstrated that reduction of HAuC14 to Au 
metal occurred in the presence of PC vesicles. Further investigation of the reaction 
process was carried out, and the reaction products were characterised by TEM and 
HRTEM.
7.3.1: Method
Rehydration of dried PC was achieved using a 2cm3 aliquot of HAuC14 
solution. The gold solution was corrected to pH 6.5 with NaOH prior to use. The 
influence of the solution concentration and the duration of the reduction on the 
reaction product was investigated in the following experiments:
Preparation A; Rehydration with 5mM HAuC14 solution, followed by overnight 
equilibration.
Preparation B; Rehydration with 25mM HAuC14 solution, followed by overnight 
equilibration.
Preparation C: Rehydration with 25mM HAuC14 solution and subsequent 
sonication to produce unilamellar vesicles.
All solutions were investigated by TEM. Preparation A was sampled after overnight 
equilibration, preparation B after 30 minutes and again after overnight equilibration, 
and preparation C immediately after sonication. The TEM grids were studied both 
with and without negative staining of the vesicles; staining was achieved with 1% 
uranyl acetate solution. All three preparations were also fixed, embedded and 
sectioned subsequent to the period of overnight equilibration.
175
500nm
Figure 7.7: Preparation B after 30 minutes incubation with the gold solution, (a) 
stained and (b) unstained.
Figure 7.8: Micrograph of Preparation B subsequent to 24 hours equilibration, 
negatively stained to show vesicles.
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7.3.2: Results
Reduction to colloidal gold, as indicated by a colour change from pale 
yellow to purple, was observed in preparations A and B after overnight 
equilibration. Sonication of Preparation C greatly enhanced the reaction rate, 
causing almost instantaneous reduction. As discussed in greater detail in Chapter 8 , 
Section 8 .6 , sonication results in local extremes of temperature and pressure which 
may enhance reaction rates. The sonication of phospholipids has also been 
demonstrated to cause appreciable chemical degradation, through oxidation of 
unsaturated hydrocarbon chains and cleavage of covalent bonds (8). The presence 
of high energy species produced on sonication may also promote reduction of 
AuC14\
Examination of stained and unstained grids taken from experiment B after 
only 30 minutes showed vesicles in the early stages of rehydration and equilibration 
(Figures 7.7a and 7.7b respectively); this is particularly well shown in Figure 7.7a. 
That vesicles could be imaged without the addition of negative stain (Figure 7.7b) 
indicated strong association of the AuC14" complex with the PC membrane at pH 
6.5. Colloidal particles were viewed in both images, demonstrating that although a 
colour change was not apparent in the solution after such a short time interval, the 
initial reduction events had occurred very rapidly. Figure 7.7b shows clusters of
d calculated (A) 
vesicle solution






Table 7.2: Diffraction data from preparation B after 24hrs equilibration, 
identifying particles as colloidal gold.
small crystals associated with the vesicles, while in Figure 7.7a, very small 
crystallites are seen to be evenly distributed over the vesicle surfaces. Overnight
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1 0 0 nm
1 0 0 nm
Figures 7.9a and b: Thin sections through vesicles from Preparation A
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equilibration of preparation B yielded images consistent with equilibrated vesicles 
(Figure 7.8). The vesicles were generally spherical in morphology, and existed as 
unique structures, as opposed to the interlinked networks viewed at earlier stages of 
development Figure 7.8 shows a population of small crystallites, the majority of 
which appear to be associated with vesicular structures. The crystallites were shown 
to be gold by EDXA examination and by electron diffraction (Table 7.2). The 
diffraction patterns showed fairly broad lines, as is characteristic of diffraction from 
small particles.
Micrographs of sectioned liposomes present in Preparations A, B and C are 
shown in Figures 7.9,7.10 and 7.11 respectively, and all show intravesicular gold 
particles. The gold crystals can be identified as the well-defined, electron dense 
grains. The poorly defined structures present on internal and external vesicle 
surfaces are tannic acid/osmium tetroxide precipitates resulting from the fixing 
protocol. The intravesicular crystallites were small, with a mean diameter of 41.3A 
and standard deviation 7.8A, presented a narrow size distribution, and were 
homogeneous in morphology (statistical analysis carried out on a population of 100 
crystals from Preparation B). Indeed, the vast majority of intravesicular crystals 
were spherical. Figure 7.9a shows an exceptional example of a square crystallite. In 
contrast, both the diameters and the range of particle sizes of the extravesicular 
crystals much exceed those of the intravesicular particles (Figure 7.12); the mean 
diameter and standard deviation of the extravesicular crystals in Preparation B were 
251A and 92A respectively. Figure 7.9b permits a direct comparison of the 
intravesicular and extravesicular particles, and histograms of the particle size 
distributions are shown in Figure 7.13. Although the majority of crystals 
precipitated in the extravesicular volume displayed a spherical morphology, a 
significant number were also of irregular form; many of these may have resulted 
from coalescence of crystals during growth. That the crystals developing within the 
vesicles were spherical reflects the constraint the isolated vesicular volume puts on 
the free HAuC14 complex available for further crystal growth. Growth of 
intravesicular crystals is thus concentration-limited, and only small particles
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Figure 7.12: Extravesicular crystallites present in Preparation B
Figure 7.13: Histograms of crystal sizes of (a) intravesicular and (b) extravesicular crystallites in Preparation B
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develop. The coalescence of particles, which results in irregular crystal 
morphologies, characterises later stages of crystal development (23,24). It is 
significant to note that while the extravesicular crystals frequently form clusters, no 
aggregation of the intravesicular particles is observed. This may be due to the 
difference in mean diameter between the two populations of particles, or could result 
from the different electrostatic and structural environment provided by the internal 
vesicle volume, as compared with the bulk solution. The intravesicular crystallites 
could also remain bound to the membrane at early stages of development.
The majority of intravesicular particles are shown in sections as being 
located in the vesicle volume rather than at the membrane/solution interface, even 
though the energetics of heterogeneous nucleation suggest that crystals would 
preferentially nucleate at the membrane. Indeed, this view is corroborated by the 
fact that the crystals precipitated in situ in surfactant vesicles are known to embed in 
the vesicle membrane (25). However, these observations may be rationalised if the 
structure present in solution had been altered on preparation of the sections. The 
fixation and embedding procedures may have caused the intravesicular particles to 
become dislodged from the membrane surface, and to have moved into the vesicular 
volume. Thus, although maintaining the gross membrane structure, such 
microscopy may not constitute a suitable tool for the location of intravesicular 
particles.
The effect of the encapsulated concentration on the intravesicular particle 
population may be considered on comparison of the crystals produced in 
preparations A and B. A higher metal ion concentration would be anticipated to 
lead to a greater encapsulation ratio, and indeed, the images of sectioned vesicles 
shown in Figures 7.9 and 7.10 support this thesis. More particles are observed in the 
intravesicular volume in preparation B as compared with A. However, an increase 
in the concentration of the metal ion solution does not necessarily result in an 
increased number of encapsulated metal ions. The electrostatic field provided by the 
vesicle membrane places an upper limit on the number of ions which may be 
encapsulated. This is obviously most important for vesicles in which the membrane
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bears a net charge, and in the case of small unilamellar vesicles in which the surface 
area/volume ratio is large. Large multilamellar vesicles exhibit a smaller surface 
area/volume ratio, and thus the membrane would be expected to exert less influence 
on the encapsulated volume. An estimate of the number of crystallites expected to 
form in vesicles in preparations A and B can be made on the basis of the following 
assumptions:
(1) The concentration of metal ions within the vesicles is equal to that of the bulk 
solution.
(2) Intravesicular gold particles are of diameter 41.3A.
(3) Vesicles are spherical and vary in diameter from 1000-8000A.
5mM HAUCI4  encapsulated
Diameter (A) 1000 8000
Molecules HAuC14 encapsulated 2.62 x 10-21 1.34 x 1019
Equivelent volume of Au (m3) 2.67 x lO 26 1.37 x 10'23
Equivelent number of 41.3A 1 371
gold particles
25mM HAUCI4  encapsulated
Diameter (A) 1000 8000
Molecules HAuC14 encapsulated 1.31 x 10 21 6.70 x 1 0 18
Equivelent volume of Au (m3) 1.34 x lO 25 6.84 x lO 23
Equivelent number of 41.3A 4 1854
gold particles
Table 7.3: Predicted number of gold crystallites precipitated per vesicle
The calculations are fairly consistent with the images obtained; the micrographs 
present a section through the vesicles, and thus only show a fraction of the potential 
crystal population.
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Little evidence was obtained from the sections of gold particles having been 
precipitated within the membrane wall. This may have resulted from the small 
volume of solution, and thus the small number of metal ions that were present 
between the lamellae. As such, the growth of nuclei would be anticipated to be 
concentration limited, and the resulting crystals very small. Small crystals would 
exhibit very low contrast when viewed by TEM, and may not have been observable 
against the sample background.
7.4: DISCUSSION
The crystallisation of gold in the presence of PC vesicles produced a 
population of intravesicular crystals distinct from both the extravesicular particles, 
and from the particles prepared in control experiments. The intravesicular crystals 
exhibited differences in size, morphology and aggregation as compared with those 
precipitated in bulk solution. The primary influence of the membrane on the product 
of crystal growth may result from the volume-imposed limitation on available metal 
ions; particle development is concentration limited. However, the membrane may 
play a more direct role in the crystallisation process. It has been demonstrated 
(26-29) that the presence of a Langmuir monolayer influences crystallisation at an 
air/solution interface, and the control is considered to be electrostatic and 
stereochemical in origin (26). By analogy, vesicles may be active in influencing 
crystal growth at the organic/inorganic interface.
7.4.1: Electrostatic Interactions
The interaction of anions and cations with phospholipid bilayers has been 
investigated by a wide range of techniques, such as electrophoretic measurements 
(30,31), Raman spectroscopy (32), X-ray Diffraction (33) and 31P NMR (18,34,35). 
Ions may associate with phospholipid membranes via specific binding to the 
headgroup moieties or by a more general interaction with the membrane surface. 
Although such association will obviously be most significant for membranes bearing
184
a net charge, electrophoretic mobility studies have demonstrated that binding of both 
cations (31) and anions (30) imparts a net charge to PC vesicles. It is generally 
considered that divalent and trivalent cations can bind to PC membranes via specific 
coordination to the phosphodiester moiety of the PC headgroup (33,36). This was 
demonstrated primarily by 31P NMR studies which showed that the strength of 
cation binding is species-dependant, and that the trends in the magnitude of binding 
coefficients were consistent with values anticipated on the basis of direct binding 
(35). As a zwitterionic lipid, the surface charge and structure of PC membranes is 
constant over a wide pH range; neutrality is conserved in the pH range 1-13 (37), 
and the packing density is independent of pH from pH 1 to 10 (38). Adsorption of 
divalent and trivalent cations to PC membranes results in a disruption of electrical 
neutrality, with the imparted charge causing electrostatic repulsion and separation of 
lamellae (33,36). Although the interaction of anions with PC molecules is weaker 
than that of cations, anions are still anticipated to bind to specific headgroup 
moieties (30,33). It is likely that anions primarily interact with the PC headgroup 
via the trimethylammonium group (39). Monovalent anions and cations also affect 
bilayer packing and interaction (33) to a certain degree, although it is debatable 
whether the interaction can be discussed in terms of specific binding.
The influence of ion-binding on membrane surface potential has been 
discussed theoretically in terms of diffuse double-layer theory (31,40-43); a brief 
description is given in Appendix 3. McLaughlin et al. (31) tested the applicability 
of diffuse double layer theory to the description of Co(II) binding to PC membranes. 
Combination of Boltzmann, Grahame and Henry equations was successfully used to 
interpret zeta potential measurements. The zeta potential arises on consideration of 
electrokinetic effects and is defined as the potential at the plane of shear (43). For 
low charge densities, the plane of shear was considered to lie within a few 
angstroms of the envelope constituting the headgroups; the experimentally 
determined zeta potentials were thus thought to provide a reasonable approximation 
to the electrostatic potential at the surface of the bilayer, y . Surface potential effects 
on ion-binding were also theoretically considered by Grasdalen et al. (40) and
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Westman and Eriksson (42). They treated surface phenomena in terms of both 
specific binding and double layer theory, and considered surface adsorption to result 
in discrete as opposed to smeared charges. This model of ion binding successfully 
interpreted the shift of the P31 NMR resonance on the outer bilayer component of 
vesicles, in the presence of cations and anions.
Although both the aforementioned theoretical treatments were successful in 
rationalising experimental measures of ion-binding, they differed in their 
interpretation of the anion/membrane interaction. While Westman and Eriksson 
(42) invoked specific anion binding to the membrane surface to account for 
enhanced chemical shifts (Cl"< Br'< N 03'), McLaughlin et al. (31) discussed the 
surface potential in terms of specific binding of cations only. Despite this difference 
in opinion, it is recognised that there is a synergic relationship between the binding 
of cations and anions (34,38) due to screening effects which mask the electrostatic 
repulsion caused by specific ion-binding. Indeed, McLaughlin et al. (31) interpreted 
the increase in cation binding with increased concentration of an indifferent 
electrolyte such as NaCl in terms of screening of adsorbed charges, as may be 
demonstrated using the Grahame equation. The Grahame equation similarly 
predicts increased binding of AUCI4" to the PC membrane with an increase in the H+ 
concentration (decrease in pH). This is consistent with the pH-dependant 
precipitation effects discussed in Section 7.2.2.
7.4.2; Stereochemistry
The structure of water adjacent to phospholipid membranes is necessarily 
different from that of bulk water. IR studies (44) have demonstrated that the main 
site of interaction between water and PC is the phosphate group, and that about 4-5 
water molecules are bound in the first hydration shell. The water-headgroup 
interactions are those of H-bonding or non-localised interactions. When there are 
more than four water molecules per lipid, the entire headgroup undergoes a 
structural rearrangement which results in an increase in the mobility of the P 0 2" 
group. A saturation effect is observed with more than eight water molecules per
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lipid molecule. The addition of ions to PC vesicles results in a change in the 
membrane structure (e.g. 30,33,36,38) and alters the equilibrium separation of 
bilayers (45). The important interactive forces between bilayers are the van der 
Waals, electrostatic and hydration forces. The van der Waals force is attractive, 
while the hydration and electrostatic forces are repulsive. The hydration force is 
important at separations less than 20A and is a consequence of the work required to 
remove water from the hydrophilic surfaces as they approach (46). The presence of 
ions in solution will obviously modify these forces due to the introduction of 
electrostatic charge, and from an alteration in the solvent structure and hydration 
requirements of the lipid headgroups (32,45). In the absence of specific binding 
effects, anions and monovalent ions may induce a change in the membrane structure 
by changing the water structure surrounding the headgroups (32,39,45).
7.4.3: Membrane Influence on Crystal Growth
Langmuir monolayers have been demonstrated to control the nucleation and 
growth of oriented crystals at an air/solution interface (26,47-50). Both electrostatic 
and stereochemical matching at the organic/inorganic interface influence crystal 
growth. In the example of CaC03 growth under stearic acid monolayers, 
electrostatic interactions result in the formation of a Stem layer of Ca2+ ions which 
dictates the oriented nucleation of crystal faces consisting of Ca2+ ions only. The 
stereochemical arrangement of the carboxylate ions in the monolayer generates a 
motif which extends into the solution and matches the vaterite as opposed to the 
calcite unit cell. Further support for the theory of epitaxial matching came from the 
epitaxial growth of a-glycine crystals under a-amino-acid monolayers (24,48), NaCl 
under arachidic acid and stearic acid monolayers (49), and ice nucleation by 
amphiphilic alcohols (50). In all of these cases, the packing of the monolayer 
headgroups was considered to act as a template for complementary crystal growth. 
Indeed, epitaxial growth does not necessarily demand a direct matching of lattice 
dimensions since stereochemical and electrostatic correlation can override structural 
mismatch at the interface (26).
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The vesicular membrane may influence a local solution structure, in an 
analogous manner to a Langmuir monolayer. Consequently, crystals growing in the 
presence of vesicles may also be under the influence of stereochemical and 
electrostatic control. Indeed, even in the absence of suitable stereochemical 
matching, the adsorption of ions by the densely-packed lipids in the membrane will 
result in an enhanced concentration of ions at the membrane, and thus favour 
nucleation. Although, as discussed, the binding of anions and cations is weaker to 
zwitterionic than to charged membranes, neutral membranes are still active in their 
control over nucleation. Indeed, it has been shown that zwitterionic a-amino acids 
may induce fast nucleation of NaCl from the {110} face (49); at neutral pH levels, 
the distribution of the NH3+ and C 02~ moieties of the monolayer headgroups is 
complementary to the arrangement of the Na+ and Cl' ions in the {110} face of 
NaCl. That AuC14* is not a simple anion may also enhance specific binding effects.
In conclusion, it is likely that the nucleation of intravesicular crystals occurs 
at the membrane/solution interface. AuC14' ions may accumulate at the membrane 
as a result of both specific and non-direct interactions with the lipid molecules, and 
due to redox-processes occurring at the membrane. The vesicle wall may also 
provide a site for the energetically-favoured heterogeneous nucleation. By analogy 
to the influence of Langmuir monolayers on crystal nucleation, the vesicular 
membrane may be anticipated to control crystal nucleation via electrostatic and 
stereochemical interactions. Further particle growth will then be 
concentration-limited, as defined by the encapsulated concentration of ions within 
the vesicle, and may also be restricted due to the embedding of crystals in the 
lamellae at early stages of development.
7.4.4; Reduction Mechanism
Egg phosphatidylcholine was unstable in the presence of HAuC14, initiating 
the reduction of AuC14' to Au(O). The reaction is likely to have proceeded via free 
radical intermediates, produced during electron transfer processes. The activity of 
such species in reduction is supported by the enhanced reaction rate observed during
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sonication. As discussed in Chapter 8 , Section 8 .6 , sonication produces free radicals 
and other high energy species due to local high temperatures and pressures. Fission 
of the phosphatidylcholine molecule would be anticipated to occur principally at the 
weaker bonds; cleavage of groups from the carbon adjacent to a heteroatom is 
energetically favourable and results in the formation of relatively stable radical 
species.
A preliminary elucidation of the reaction mechanism could be attempted by 
identifying the products of the lipid oxidation. This could be carried out by such 
techniques as thin layer chromatography (8), or IR spectroscopy (51). The activity 
of the various functional groups comprising the PC molecule could also be 
investigated by incubating model compounds characterising each functional moiety 
with HAuC14 solution.
7.5: HIGH RESOLUTION STUDIES ON GOLD CRYSTALS
7.5.1: Background
Extensive structural investigations of small metal particles, and in particular 
gold and silver crystallites, have been performed using high resolution lattice 
imaging techniques (23,24,52-56). In a population of discrete colloidal crystals, 
multiply-twinned particles (MTP’s), faulted needles and single crystals will all be 
observed, the relative proportions of these crystal types depending on the preparative 
methodology employed (55). Electron microscopic examination of MTP’s has 
shown that they exhibit apparently anomalous morphologies and crystal structures. 
MTP’s may be classified as either decahedral or icosahedral (Figure 7.15) (54,56). 
The decahedral nucleus is formed by the linkage of five FCC tetrahedra to generate 
a pentagonal symmetry; combination of twenty tetrahedra generates an icosahedral 
nucleus of hexagonal symmetry. These structures constitute the most compact 
aggregates which may be generated from 7 and 13 atoms respectively, and their 
stability is due to the maximisation of inter-atom coordination. The change in 
crystal structure from the bulk to the nucleus level reflects the increasing influence
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Figure 7.15: Morphology of (a) decahedral and (b) icosahedral particles (Adapted 
from Reference (54))
< 111> < 100> < 110>
Figure 7.16: Apparent morphologies of decahedral particles lying in different zones 
(Adapted from Reference (54))
< 112> < 111>
Figure 7.17: Apparent morphologies of icosahedral particles lying in different zones 
(Adapted from Reference (54))
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of the partially-coordinated surface atoms with decreasing particle size. This was 
confirmed in calculations which compared the energy of particles with FCC and 
"MTP" structures and thus demonstrated that decahedral and icosahedral particles 
are energetically favoured for small crystal diameters (56).
A combination of microscopic analyses and theoretical considerations have 
been applied to rationalise the atomic structure of MTP’s. Although the particles 
may be considered to be based on linked tetrahedra, such perfect tetrahedra can not 
be ordered to generate a completely space-filling structure. Either elastic strains or 
grain boundaries are required to complete the lattice (55). The mechanism by which 
these structures accommodate strain is particle-size dependant. Both small 
icosahedral and decahedral crystals appear to accommodate the lattice distortion by 
an inhomogeneous elastic strain (53,54). The high atom mobility of atoms in small 
particles may facilitate such an internal relaxation mechanism (56). It has been 
conclusively shown that larger MTP’s contain dislocations which originate as 
growth, rather than surface defects (54). Thus, the strain in the lattice of larger 
MTP’s is accommodated by a combination of dislocations and inhomogeneous 
elastic strains (53).
The apparent morphology of MTP’s, as shown by TEM, depends upon the 
orientation of the crystals with respect to the electron beam. Decahedral particles 
are principally observed lying in <100> and <1 1 1> orientations, and less frequently 
in a <110> direction. Icosahedral MTP’s are commonly viewed in <112> and 
<111> orientations. The 2-dimensional images created by crystals lying in these 
orientations are shown in Figures 7.16 and 7.17 respectively. The structure and 
epitaxy of crystals produced by vapour deposition is highly influenced by the 
geometry of the substrate surface (23), as was demonstrated by the oriented growth 
of square gold particles on a NaCl substrate (24), and the preferential development 
of crystals of tetrahedral and pyramidal morphologies on substrates of hexagonal 
structure (56). At further stages of crystal growth, coalescence of particles occurs to 
generate irregular morphologies (23). Those particles recognised as containing the 
basic icosahedral or decahedral units are termed "polyparticles".
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Figure 7.19: HRTEM images of gold produced by reduction with carbon monoxide.
(1) Particle of approximately hexagonal morphology showing continuous fringes.
(2) Particle showing fringes across only part of its diameter.
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7.5.2: Method
The structure of the intravesicular gold crystals was investigated on an 
atomic scale using high resolution imaging techniques. Comparison was made with 
lattice imaging studies of gold colloids produced in control experiments. All lattice 
images were recorded at a working magnification of 500K using a JEOL 2000FX, 
operating at 200kV. The microscope magnification was calibrated using a gold foil 
calibrant (Agar Scientific, (200) oriented gold crystals).
Intravesicular Particles: The intravesicular particles produced in Preparation A 
were imaged in the prepared sections. Due to the beam-sensitive nature of the resin, 
all micrographs were recorded using an objective aperture, and a low beam intensity 
was utilised whenever possible.
Gold crystals were produced in vesicle-free control experiments by citrate 
and carbon monoxide reduction, and were sampled for TEM examination 
subsequent to reduction.
Carbon Monoxide Reduction: Carbon monoxide was bubbled through a 5mM 
solution of HAuC14 for a few minutes until reduction had been achieved; a colour 
change from yellow to red was observed.
C itrate Reduction: The control method outlined in Section 7.2.1 was followed.
7.5.3: Results 
Intravesicular particles
High resolution images of intravesicular gold particles are shown in Figure 
7.18. Figures 7.18a and 7.18b show twinned crystals, while the continuous fringes 
across the entire crystal in Figure 7.18c demonstrates the single crystal nature of this 
particle. As indicated on the Figures, the lattice fringes resolved were principally 
those of {111} planes, which correspond to a d-spacing of 2.355A. Figure 7.18a 
shows an exceptional micrograph in which {2 0 0 } fringes, corresponding to a 
d-spacing of 2.039A, were also resolved. The crystal shown in Figure 7.18a 
displays an approximately hexagonal morphology, while those in Figures 7.18b and 
7.18c have no distinct form.
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Figure 7.20: TEM images and corresponding diffraction patterns of gold crystals 




The population of crystals presented a range of morphologies (Figure 7.19). 
Discrete crystals which showed pseudo-hexagonal and spheroidal morphologies, 
were observed along with coalesced crystals. Some particles displayed continuous 
fringes, which demonstrated their single crystal character, while others were seen to 
be twinned, as indicated by a change in the direction of the fringes across the 
particles. All lattice fringes corresponded to a spacing of 2.355A, characteristic of 
(111) planes.
Citrate Reduction
No lattice images were achieved of the gold crystals due to the greater 
thickness of these crystals as compared with both the intravesicular particles and the 
"carbon monoxide" control crystals, which were both successfully imaged. 
However, selected area diffraction techniques were employed to investigate the 
crystals. Figure 7.20 shows images of the crystals produced by citrate reduction, 
together with their corresponding diffraction patterns. The indexing of some 
patterns was complicated by the contribution from twinned segments of the 
particles; assignment of diffraction patterns was thus made whenever reasonably 
possible. The crystals can be seen to exhibit a range of morphologies, all of which 
are characteristic of colloidal gold (14,54,56). The triangular and pseudo-hexagonal 
crystals were identified as lying in <111> and <1(-1)0> zones respectively. High 
resolution studies (23) have confirmed that the triangular morphology is 
characteristic of single ciystals lying in <111> orientations.
7.5.4: Discussion
The high resolution studies confirmed the crystalline nature of the 
intravesicular gold particles. However, it was not possible to gain detailed 
information on the lattice structure of these particles because the resolution of the
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microscope was such that only {111} planes could be detected. The intravesicular
some of the crystals produced by a carbon monoxide reduction method.
7.6: INFLUENCE OF MEMBRANE COMPOSITION ON 
CRYSTALLISATION
The experiments described in Section 7.3 demonstrated that the vesicles 
provided a restricted environment in which controlled crystallisation processes could 
be performed. The intravesicular particles exhibited differences in size, morphology 
and aggregation as compared with crystals precipitated in the bulk solution. Such 
variations were considered to derive from the volume-imposed limitation on metal
Preparation A,B,C : Phosphatidylcholine X = — OCH2 CH2 N(CH3)3
particles, with diameters 41.3A, showed similarities in morphology and structure to
O
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R  C  O  CH2
R’ C O  CH O
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+
Preparation D : Stearylamine (CH3) (CH2)16 -  NH2
Preparation E : Phosphatidylserine
Preparation F : Phosphatidylglycerol
Preparation G : Phosphatidic Acid X = — OH
Figure 7.21: Structure of lipids utilised in vesicle preparation
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2 0 0  nm
Figure 7.22a: Stained vesicles from Preparation D (PC/Stearylamine membrane) 
showing fusion processes
5 0 0  nm* 100 nm
Figure 7.22b: Unstained vesicles from Preparation D
Figure 7.23: Stained vesicles from control experiment corresponding to Preparation 
D showing stable vesicles
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ions, and from direct control of the membrane on the developing nuclei.
The influence of the membrane on the nucleation and growth of intravesicular 
crystals was further studied by investigating the effect of the membrane composition 
on the product of intravesicular precipitation.
7.6.1: Method
The membrane composition was systematically altered by the introduction of 
secondary lipids into the basic PC membrane, as described in Section 7.1.1. Lipids 
were selected such that they exhibited contrasting charges and headgroup moieties, 
as summarised in Figure 7.21. Rehydration was carried out in analogy to 
preparation B, using 25mM HAUCI4 solution, corrected to pH 6.5. Control 
experiments were performed in order to investigate the inherent stability of the 
mixed membranes, and were carried out by rehydrating the dried lipid with distilled 
water as opposed to gold solution. Grids were taken of all solutions after overnight 
equilibration, and some were negatively stained with 1% uranyl acetate solution. 
Preparations D, E, F and G were additionally fixed, embedded and sectioned.
7.6.2: Results
Reduction was observed in all of the solutions in which HAuC14 solution had 
been encapsulated. Examination of negatively stained grids taken from preparation 
D (Figure 7.22a) showed that the vesicles were unstable in the presence of the metal 
ion solution; blebbing and fusion processes were observed. In contrast, stained 
vesicles from the control experiment were stable (Figure 7.23). This demonstrated 
that the negatively stained images were representative of the morphologies of the 
vesicles in solution, and that the staining procedure itself was not responsible for the 
apparent instability. Micrographs of unstained grids showed poorly-defined regions 
which corresponded to vesicles, and numerous colloidal particles associated with 
these areas (Figure 22b). Thus, both the AuC14" complex and the gold colloids 
appeared to have bound strongly to the vesicles, which may have initiated their 
instability. Degradation of the membrane lipids during the reduction process may 
also have played a key role in this destabilisation process. Figure 7.24 shows
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Figure 7.24: Fixed and sectioned vesicles from Preparation D
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200nm
Figures 7.25,7.26 and 7.27: Negatively stained vesicles from:
(7.25) Preparation E (7.26) Preparation F
(7.27a) Preparation G (7.27b) Control experiment corresponding to Preparation G
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images of fixed and sectioned vesicles. Some evidence of vesicle instability is seen, 
with many vesicles being interlinked or displaying a disrupted membrane structure. 
However, most strikingly, the sections showed that a remarkable number of particles 
had been precipitated within the lamellae, as well as within the vesicular cavity.
This may be contrasted with precipitation in 100% PC liposomes which did not 
result in the production of particles within the vesicle wall. Indeed, the heavy 
mineralisation of the vesicle wall may itself have induced some membrane 
instability.
The images obtained from Preparations E, F and G were less readily 
interpreted. All of the negatively stained vesicles showed evidence of instability 
(Figures 7.25,7.26 and 7.27a). However, in contrast to the micrographs of stained 
vesicles from Preparation D which showed separate vesicles in the process of fusing, 
the former experiments showed isolated vesicles with disrupted membrane 
structures. Indeed, Figure 7.25 shows a vesicle which appears to have "exploded". 
Such characteristics may have arisen due to osmotic pressure changes occurring on 
drying the vesicle solutions on to sample grids, or due to strong interaction of the 
stain or the metal complexes with the vesicle surface. Strong binding may result in 
a reduction in the membrane elasticity, and cause the vesicles to become less 
accommodating to pressure changes. The corresponding control experiments 
showed stable vesicles in Preparation G only (Figure 7.27b); poor images were 
obtained of Preparation E, while strong interaction of the stain with the vesicles was 
observed in Preparation F.
Figure 7.28, which shows images of fixed and sectioned vesicles in 
preparation E (PC/phosphatidylserine), shows little evidence of any association of 
colloidal gold with the vesicles. This is consistent with the images of stained 
vesicles shown in Figure 7.25. In contrast to preparations A, B and D, no particles 
were produced within the intravesicular volume, or embedded in the membrane in 
preparation E. However, the high degree of secondary precipitation produced during 
the fixing procedure may have precluded the observation of small gold particles in 
the sections. The micrographs of preparation F (PC/phosphatidylglycerol) show
4 0 0  nm
2 0 0 n m
Figure 7.29: Fixed and sectioned vesicles from Preparation F
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only a small number of gold crystallites in the images of the sectioned and of the 
stained vesicles (Figures 7.29 and 7.26 respectively). The sections showed that a 
limited number of crystals were present within the vesicular volumes or in the 
liposome wall. Figure 7.30 displays images of sections taken from Preparation G 
(PC/phosphatidic acid). Although a large number of small gold crystals were 
observed in association with the stained vesicles, this was not consistent with the 
sections of the liposomes, in which no gold particles were seen within the internal 
volume. These apparently conflicting descriptions may be rationalised if the 
particles viewed in association with the stained vesicles were in the extravesicular 
volume only. Indeed, this suggestion is supported by the observation of an even 
distribution of crystallites over the sample grid; no distinct correspondence with the 
vesicles was noted. Thus, the vesicle instability apparent in the micrographs of 
negatively stained vesicles in Preparations E and G may not be representative of the 
vesicles structure in solution, but may be initiated by the staining protocol.
7.6.3: DISCUSSION
Vesicle Fusion and Instability
Liposomes are generally stable structures which do not undergo spontaneous 
fusion (57). Indeed, although the aggregation of vesicles is an essential precursor to 
vesicle fusion, it does not necessarily result in fusion (58). Vesicle aggregation 
occurs when the attractive van der Waals force exceeds the repulsive electrostatic 
forces. This may occur for membranes of low surface charge density in low ionic 
strength media, and even for highly charged membranes in solutions of greater ionic 
strength. Approach of membranes to within 20-30A is accompanied by a strong 
hydration repulsion, which, unless a change in the bilayer structure is achieved, 
precludes further association. Such structural rearrangements can include the 
crystallisation of hydrocarbon chains, an increase in the intrabilayer lateral pressure, 
and the segregation of bilayer components in mixed lipid membranes (46). Vesicle 
fusion thus appears to proceed in two distinct, but kinetically-coupled stages. The
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Figure 7.30: Fixed and sectioned vesicles from Preparation G
Figure 7.31: Hypothetical mechanisms for ion-induced fusion of negatively charged 
vesicles: (a) Phase transformation and phase separation (b) Bilayer to hexagonal 
transformation (c) Local dehydration and formation of point defects (From 
Reference (57))
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initial aggregation event which results in close approach of the vesicle surfaces, is 
followed by membrane fusion due to local bilayer destabilisation; subsequent 
mixing of the encapsulated aqueous contents then occurs (59). These processes may 
be represented as (60):
Where:
Vj = liposome F2 = fused aggregate
Cn
Vj + Vj N ^  V2 N ^  F2 v2 = dimer aggregate fn  = fusion rate 
D u Cn  = rate of dimer formation
Dn  = rate of dimer separation
A number of hypotheses have been forwarded to rationalise the phenomenon of 
cation-induced vesicle fusion (Figure 7.31) by such cations as Ca2+. A probable 
mechanism involves local dehydration of the membrane, together with the formation 
of point defects by fluctuations in lipid packing. Once dehydration and close bilayer 
apposition has been achieved, local fluctuations in lipid packing may create point 
defects at the site of vesicle interaction. In cooperation with the osmotic forces that 
prevent an unlimited expansion of the area of contact, this could lead to merging of 
the two membranes. This latter theory is supported by Barfield et al. (61) who 
considered that divalent cations induce vesicle fusion by promoting dehydration of 
the phospholipid headgroups and facilitating contact between the bilayers.
Thus, local dehydration at the site of contact, and the establishment of 
hydrophobic interactions appear to be crucial steps in the fusion process. The rate of 
fusion of vesicles is dependant on the composition of the membrane (61-63), the size 
of the liposome (60), the cation species inducing fusion (60,61) and the 
concentration of bound cations (60). Smaller, and in particular small unilamellar 
vesicles, are more likely to fuse than their multilamellar counterparts; the strain 
imposed on the strongly curved bilayer of a small vesicle facilitates bilayer 
destabilisation (59,60). Although interest has primarily been centred upon the 
fusion-inducing properties of Ca2+, studies have also investigated a wider range of
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cations (60,61). Indeed, the divalent transition metals Mn2+ and Ni2+ have been 
shown to interact with PS in a fundamentally different way than the alkaline earth 
metals, and may be capable of forming intramolecular chelation complexes. 
Relatively large quantities of these transition metal ions are required to induce 
aggregation and destabilisation of PS liposomes. It has also been shown that the 
mechanism for fusion involves a critical density of bound divalent cations within the 
region where the initial defect will form. Cation asymmetry may cause surface 
energy differences between opposing sides of the vesicle lamellae, and enhance the 
instability of the membrane (58).
The aggregation and fusion of the PC/stearylamine vesicles in the presence 
of AuC14" is readily interpreted in terms of the above arguments. Stearylamine is 
positively charged at pH 6.5 (64), and thus forms a mixed stearylamine/PC 
membrane of net positive charge. In the absence of bound ions, the electrostatic 
repulsion between the like-charged vesicles precludes aggregation. On the basis of 
their opposite charges, AuC14' may be anticipated to bind to the positively charged 
membrane and cause charge neutralisation and vesicle aggregation. Preferential 
binding to the stearylamine moieties may be anticipated, which could result in 
segregation of lipid species and partial condensation of the vesicle wall. Indeed, the 
large number of AuC14‘ ions in the bulk solution, combined with the fact that 
positively charged lipids concentrate on the outer segment of bilayers, may result in 
a greater degree of condensation on the external vesicle surfaces. This bilayer 
asymmetry may cause structural defects to form in the vesicle wall which will 
facilitate fusion. The addition of stearylamine to egg PC may also raise the 
characteristic phase transition temperature, and thus make condensation, and 
subsequent fusion events more favourable (65). As discussed previously, no 
definitive evidence was obtained for vesicle fusion in Preparations E, F and G. That 
vesicle fusion would not be anticipated in these experiments is consistent with the 
net negative charge of the membranes (64), since specific binding of the AuC14‘ 
complex at the membrane would be electrostatically unfavourable.
206
Crystallisation
Incorporation of stearylamine into the PC membrane resulted in a marked 
change in the outcome of precipitation as compared with pure PC vesicles. This 
may be ascribed to the net positive charge displayed by the PC/stearylamine 
membrane; stearylamine has a pKa value of 10.6 and is thus positively charged at 
pH 6.5. The inclusion of stearylamine into the vesicle wall will thus enhance the 
electrostatic attraction between the AuC14' anion and the vesicular membrane. In 
addition, specific binding at the membrane may occur, especially in view of AuC14' 
being a transition metal complex as opposed to a simple anion. A large number of 
gold crystallites were observed both within the intravesicular volume and within the 
membrane. This may be attributed to a high encapsulation efficiency of the 
negatively charged AuC14" ions in the positively charged vesicles, and also to the 
greater diffusion rate of AuC14' across the stearylamine/PC membrane as compared 
with the neutral PC membrane; permeation of AuC14' through the vesicle wall may 
increase the number of metal ions available for reaction. Indeed, it has been shown 
that the rate of diffusion of Cl" ions across PC membranes is increased on addition of 
stearylamine to the membrane (Table 7.4) (16).
Membrane Ion Self-diffusion Rate
(mequiv /mol /  h)
PC Cl" 25-27
PC, 10% Stearylamine Cl" 68
Table 7.4: Diffusion rates of Cl~ ions across charged membranes (16)
That reduced AuC14" ions may have been continually replenished by a diffusion 
mechanism is also supported by the very large number of interlamellar precipitates. 
The diffusing species must necessarily pass across the membrane before entering the 
internal vesicle volume, and would be anticipated to react with lipids in the interior 
of the wall. The basic instability of the PC/stearylamine vesicles in the presence of 
AuC14" ions would also have greatly enhanced the rate of passage of AuC14" into the
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vesicle. The molecular rearrangements which characterise such instability cause an 
increase in the permeability.
Inclusion of phosphatidylserine, phosphatidylglycerol, and phosphatidic acid 
in the basic PC membrane caused the vesicles to exhibit a net negative charge. 
Consequently, that few gold crystallites were observed within these vesicles may 
have resulted from a lower encapsulation efficiency of AuC14' in the negatively 
charged vesicles as compared with neutral or positively charged membranes. 
Electrostatic repulsion between the anionic metal complex would preclude 
adsorption of the gold complex at the membrane surface, and the electrostatic field 
within the vesicle would also prohibit accumulation of anionic species. This 
argument is also consistent with the observation that fewer gold crystals were 
produced in the PC/phosphatidic acid vesicles than in Preparations E and F; 
phosphatidic acid has a greater pKa value than both phosphatidylserine and 
phosphatidylglycerol, and would thus be characterised by a lower encapsulation 
efficiency.
7.7: SUMMARY AND GENERAL DISCUSSION
Gold crystallites were produced within multilamellar egg PC vesicles by 
incubation of the vesicles with a solution of HAuC14. Reduction to Au(O) occurred 
rapidly due to reaction with the lipid molecules. Fixing, embedding and sectioning 
techniques were utilised in order to view a "slice” through the vesicle; intravesicular 
crystals were shown to be homogeneous in size and morphology, and to be 
unaggregated. The 100% PC vesicles were stable prior and subsequent to gold 
precipitation. Endowing the vesicles with a net positive charge by addition of 
stearylamine to the basic PC membrane resulted in a very marked increase in the 
quantity of gold colloids associated with the vesicles. The crystallites were 
produced both within the membrane lamellae and in the intravesicular cavity. 
Membrane fusion processes were observed in this preparation. Addition of 
phosphatidylserine, phosphatidylglycerol and phosphatidic acid as secondary lipids
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in PC vesicles yielded membranes bearing a net negative charge and resulted in a 
decrease in intravesicular precipitation. This was attributed to a charge-induced 
reduction in the encapsulation efficiency. Although images of stained vesicles from 
these preparations showed evidence of membrane disruption, this may have been 
artificially introduced through the specimen preparation protocol.
It was thus demonstrated that the composition of the vesicular membrane 
influenced the product of intravesicular precipitation. However, the complexity of 
the system precluded detailed analysis of the membrane/crystal interaction. 
Moreover, although microscopy provides one technique for investigating vesicle and 
crystal structure, the data can be affected by sample preparation techniques. Thus, 
the information that it yields would be best considered in conjunction with data 
obtained from an in situ technique such as NMR, IR or UV/VIS spectrometry. 
Further investigation of the electrostatic and stereochemical effect of the lipid 
headgroup on the crystal nucleation and growth events might be effectively 
investigated in a Langmuir monolayer system. This would permit an initial study of 
the nucleation and crystal growth events at the monolayer/solution interface to be 
carried out in the absence of large quantities of lipid, which complicates the 
analogous investigation in vesicular systems. Multilamellar liposomes also do not 
provide an ideal system for the investigation of intravesicular precipitation since 
they are heterogeneous in size, and in the number of lamellae that they exhibit. 
Homogeneous populations of large unilamellar vesicles would be more suited to the 
study and would facilitate the monitoring of crystallisation by such techniques as 
NMR; small unilamellar vesicles would be anticipated to display very low 
encapsulation efficiencies if the membrane displayed a net charge identical to that of 
the gold complex. A "gentle" encapsulation technique, such as 
electropermeabilisation could be employed in order to encapsulate the gold complex 
without a concomitant enhancement of the reaction rate (see Chapter 8).
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CHAPTER 8




The aim of the work was to specifically precipitate silver particles within 
surfactant vesicles. A successful methodology, which utilises 
electropermeabilisation to encapsulate silver ions, and achieves reduction by laser 
photolysis, is described. The interest in developing silver particles within vesicles 
derives from their potential value in catalytic and electron transfer systems, and 
from a desire to investigate their changing properties with decreasing crystallite size. 
The use of vesicular systems in restricting and controlling crystal growth has been 
demonstrated frequently (1-7), and in analogy to syntheses of silver clusters in the 
presence of polyanion stabilisers (8), the vesicle surface may be used as a substrate 
on which to stabilise silver clusters. Additionally, electron transfer systems are 
envisaged in which the membrane may act to separate an electron source on the 
vesicle exterior, from a silver particle sink on the interior. The study of silver 
particles is supported by the large quantity of literature describing this metal.
8.1.1: Quantum Size Effects
The electronic properties of a crystal depend on its molecular orbitals, which 
are in turn defined by the atoms comprising the particle. On decrease in particle 
size, a transition from bulk to molecular properties occurs, and the energies and the 
structure of the molecular orbitals vary as a function of the number of atoms forming 
the crystal. Particles falling into this size regime, in which the electronic properties 
correlate with the particle dimension, are said to display quantum size effects 
(9,10,11).
Quantum sized particles are of interest from both theoretical and practical 
perspectives since they often display different optical, electrochemical and catalytic 
properties from those of the bulk material (12,13). Quantum size effects were 
initially identified in semiconcuctor materials as a blue shift in the optical bandgap. 
The energy increase of the bandgap reflects the increase in the HOMO-LUMO 
separation as fewer atoms contribute to the molecular orbitals. An approximation
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R = radius of crystal (10,14)
Eg = band gap of bulk material
The Coulombic term reduces E* as 1/R, while the quantum localisation term shifts 
E* to higher energy as 1/R2. Thus, the band gap can be predicted to increase for 
decreasing values of R, as indeed has been experimentally observed for many 
different materials (10). An estimate of the linear dimension at which quantum size 
effects occur can be made from the radius of the ground state exciton:
An exciton is defined as a bound electron/hole pair, and is characterised by photon 
absorption at energies below the band gap. Absorption of photons of energies 
greater than the band gap produces free electron/hole pairs (15). The radius of the 
exciton varies according to the individual particle since the quantities mh, me and € 
depend on the chemical structure. Consequently, while metals show quantum size 
effects only as very small clusters, semiconductor crystallites show these effects at 
comparatively much larger sizes. Semiconductor materials possess intrinsic strong 
binding and thus a large dielectric constant, and the large curvature of bands endows 
the charge carriers with small effective masses; quantum size effects are observed in 
50-60A CdS and 180A PbS (13).
With a decrease in particle size, the crystal surface and thus inherent surface 
defects, become important in influencing the cluster physico-chemical properties 
(14). Indeed, approximately 15% of the atoms in a 50A diameter CdS particle are 
present on the surface (9). On optical excitation, either excitons or free carriers are 
formed, which are rapidly trapped at defect sites. The bound electrons and holes
me = effective mass of electron 
mh = effective mass of hole 
e = dielectric constant 
aB = radius of the ground state exciton
(9)
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interact with subsequently produced excitons and consequently modify the 
absorption spectrum (16). In the absence of trapped carriers, there is good overlap 
between the electron and hole wavefunctions (Figure 8.1).
a  trapped e-h absent ^  trapped e-h present
2R2R
Figure 8.1: The spatial overlap of the electron and hole wavefunctions 
(a) in the absence, and (b) in the presence of a trapped electron/hole pair 
(From Reference (17))
When a trapped electron/hole pair is introduced into the crystal surface, the hole 
becomes localised by the trapped electron, while the electron remains delocalised 
over the whole particle; the electron has a much smaller effective mass than the 
hole. Thus, the spatial overlap of the electron and hole wavefunctions is reduced, 
which results in a reduction in the oscillator strength. The exciton oscillator strength 
is proportional to the probability that the electron and hole are on the same site (9). 
The presence of one bound electron/hole pair is sufficient to preclude further 
excitation, and absorption bleaching occurs. Such a transient bleaching constitutes a 
third order nonlinear effect (16), in which case the absorption coefficient of the 
material depends on the intensity of the incident light:
a  = a 0 + a 2I (17)
That the presence of a single electron/hole pair can bleach the absorption of the 
whole cluster demonstrates that there is a strong interaction between the bound 
carriers and the exciton; the particle behaves as a large molecule (11).
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8.1.2: Silver Particles
Considerable emphasis has been put on the synthesis and investigation of 
silver metal clusters (8,18-21). Small particles of certain metals, of which silver is 
an example, can act as "micro-electrodes" in solution and catalyse redox reactions; 
electron transfer reactions become possible in the vicinity of the metal surface which 







Figure 8.2: Representation of the activity of colloidal metal particles in the 
catalysis of solution-phase photochemical reactions (Adapted from (13))
from free-radical intermediates and thus behave as a metal electrode on cathodic 
potential. The Fermi level is shifted to a potential which may be sufficiently 
negative to reduce the solvent (12,13). The standard equilibrium potential of a 
metal/metal ion electrode is size-dependent, as described by the relation:
A e = change in potential of microelectrode 
y = surface free energy of metal 
M = molar mass 
z = charge on metal ion 
p = specific mass r = radius
2My
zFpr
and decreases with decreasing particle size. The redox potential of the 
microelectrode:
Agn-1 + Ag+ + Ag„
has been investigated at small values of n by pulse radiolysis studies (12). For n = 1,
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which corresponds to free silver atoms, E° = -1.8 V and these species are strong 
reducing agents. As n —►«», an E° value of 0.779 V is achieved.
Tiny clusters of silver atoms have been formed in aqueous solution by the 
reduction of silver ions using pulse radiolysis (19,20) and chemical reduction 
techniques (22). Control over the reduction process has enabled the transition from 
molecular to metallic properties to be observed. In the strict absence of oxygen, 
y-photolysis of AgC104 in the presence of an alcohol scavenger and polyacetate 
stabiliser (which increases the lifetime of the metal clusters (8)) produces silver 
clusters whose characteristic absorption bands are summarised in Table 8.1 (8,18).





>380 Plasmon absorption of 
metallic silver
480 Ag42+
Table 8.1: The absorption bands of silver clusters
The plasmon absorption of the metallic silver particles is influenced by interaction 
with complexing species (as is expected since the plasmon absorption derives from 
surface oscillation of the electron gas). On strong complexation, oscillation of the 
electron gas may be strongly damped and a plasmon absorption characteristic of 
metallic silver will not be observed.
8.1.3: Aims
The precipitation of silver particles within surfactant vesicles was attempted. 
The use of DHP (dihexadecyl phosphate) and DODAB (dioctyldecylammonium 
bromide) vesicles was investigated, as were a range of encapsulation techniques and
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reduction methods. As discussed, colloidal metal particles may frequently behave as 
microelectrodes in aqueous solution and consequently have the potential of 
catalysing electron transfer reactions. Preliminary electron transfer experiments 
were carried out to investigate the feasibility of transmembrane electron transfer to 
intravesicular silver particles. The influence of dyes on the characteristic absorption 
spectra of the intravesicular silver particles was also studied.
SYNTHESIS OF INTRAVESICULAR SILVER PARTICLES
Many syntheses leading to intravesicular precipitation have been described 
(1-7). Surfactant vesicles in particular have proven ideal crystallisation 
environments. They display many of the properties, such as osmotic activity and 
thermotropic phase transitions, associated with phospholipid vesicles, while also 
offering additional advantages of greater flexibility over wide pH ranges, of stability 
over relatively long time scales and of stability to chemical reaction (23-25). 
Importantly, monodisperse distributions of unilamellar surfactant vesicles can be 
produced which may be utilised for species entrapment (24). Indeed, unilamellar 
surfactant vesicles have appreciably larger diameters than unilamellar 
(phospholipid) liposomes and may thus be capable of greater encapsulation 
efficiencies (23,24).
The most extensively characterised surfactant vesicles are those formed from 
the cationic DODAB and the anionic DHP surfactant molecules. These surfactants
CH3 (CH2) 15  O , 0  CH3 (CH2)16CH2\  x c h 3
' p '  Na+ N+ B r
c h 3 ( c h 2)1 5 — o' V  c h 3 ( c h 2)16c h 2 n c h 3
DHP DODAB
exhibit fully saturated alkyl chains and are thus more stable than natural 
phospholipids, which typically possess functional groups which can act as sites for 
chemical reaction and breakdown. Sonication at temperatures exceeding the phase
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transition temperature results in the formation of a monodisperse distribution of 
unilamellar vesicles. A greater energetic input is required to form DHP as compared 
with DODAB vesicles. Dynamic light scattering (23,26) and electron microscopy 
(25,27) experiments indicate that well sonicated preparations of DHP and DODAB 
vesicles have average diameters of 500A and 300A respectively, although these 
radii vary with sonication time (28) the preparation pH (26).
8.2: GENERAL EXPERIMENTAL TECHNIQUES 
8.2.1: DHP Vesicles
Vesicles were prepared by a sonication method as described in the literature 
(26,29,30). A surfactant concentration of 2 x 10 3M was used unless otherwise 
stated. DHP was placed in a sonication tube and was melted (mp 76-77°C) in a 
water bath held at 80°C. Distilled water at 80-85°C was then added to give a total 
volume of 20-30 cm3. The temperature of the water bath was maintained throughout 
the preparation. The surfactant was then dispersed in the solution using a 
Braunsonic 1510 sonifier at power 65-70 Watts; the sonicator tip was placed a few 
mm below the solution surface in order to achieve efficient energy transfer. 
Subsequent to the dispersion process, the solution was neutralised by the addition of 
NaOH. Neutralisation was carried out by addition of predetermined quantities of 
alkali as opposed to monitoring pH levels, since this protocol was found to be the 
more reproducible (in accord with the findings of Tricot et al. (26)). The solution 
was then sonicated for about 40 minutes until a minimum turbidity level had been 
achieved, as judged either by eye or using UV/Visible absorption measurements.
The minimum turbidity level corresponded to a population of unilamellar vesicles. 
The solution was finally centrifuged using a bench-top model, in order to separate 
the solution from any Ti fragments which had been lost from the sonicator tip.
8.2.2: DODAB Vesicles
A sonication method, analogous to that described for the preparation of DHP 
vesicles, was again employed (28). DODAB was dispersed in 20-30cm3 water to
223
produce a solution of surfactant concentration 2 x 10'3M. Sonication was carried 
out for five minutes at a temperature of 70°C and resulted in a clear solution of low 
turbidity. Sonication was then continued for a further 15 minutes until the turbidity 
of the solution had attained a minimum value. Centrifugation was employed to 
remove any Ti resulting from the sonication process.
The DODAB counter-anion was exchanged from Br" to N 03' prior to the 
addition of AgN03 in order to preclude the formation of AgBr. DODAB was 
recrystallised from hot NaN03 solution three times and then twice from hot water. 
Drying was accomplished in a vacuum oven at room temperature. No precipitation 
was observed on addition of AgN03 to a solution of the ion-exchanged surfactant.
8.2.3: Atomic Absorption
The concentration of silver in solutions was determined by atomic absorption 
spectroscopy; supernatant and vesicle-containing solutions were tested directly. 
Measurements were carried out using an Instrumentation Laboratory SI 1 atomic 
absorption spectrophotometer fitted with a hollow silver cathode lamp, and using an 
air-acetylene flame. Absorption was monitored at a wavelength of 3280.7nm.
8.2.4: Ultrafiltration
Vesicle preparations were filtered using a 50ml Amicon Ultrafiltration Cell, 
fitted with a YM-100 membrane of molecular weight cut-off 105. Filtration of 
vesicle solutions enabled the supernatant solution to be exchanged, the concentration 
of ions in the supernatant to be determined, and vesicles to be concentrated.
8.2.5: pH Measurements
pH measurements on vesicle solutions tended to be somewhat irreproducible, 
particularly at higher pH values. This phenomenon probably results from the native 
buffering capacity of the vesicles. However, fairly reproducible measurements were 
made by following a standard procedure in which the pH electrode was immersed in
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the vesicle solution, and was then permitted to equilibrate for 30 seconds without 
stirring. The pH measurement was then recorded. Typical pH values corresponding 
to different degrees of neutralisation are given in Table 8.2.
% Neutralisation 0 50 100
pH solution 2.5 5.5 10.0
Table 8.2: pH measurements on DHP vesicles
Ion Exchange 
8.2.6: Cation Exchange
Two types of cation exchange resins were tested: (1) Biorad, Analar Cation 
Exchange Resin, AG 50W-X2, 100-200 mesh, H-form and (2) Amberlite CG-120, 
100-200 Mesh, chromatographic grade, H-form. These were utilised in the proton 
and sodium forms in order to compare efficiencies. The Na form was prepared by 
passage of concentrated NaN03 solution down the column. This procedure was also 
followed to recharge columns in the Na form, while 2M HC1 was used to recharge 
columns in the H-form. Excess ions were removed from the columns by washing 
with distilled water. Both types of resin were shown to be more effective in the 
H-form.
8.2.7: Anion Exchange
The anion exchange resin used was Biorad Analar Anion Exchange Resin, 
AG-1-X8,200-400 mesh, chloride form, medium pore size. The column was 
converted into the N 03- form prior to use in order to prevent precipitation of silver 
halides. This was achieved by passage of concentrated NaN03 solution down the 
column, followed by washing with distilled water.
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Surface bound Ag+ and 
Encapsulated Ag+
Difference in Ag+ concentrations evaluated 
yields the encapsulated Ag+ concentration
Figure 8.3: Method by which intravesicular and bound silver concentrations can be 
determined
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8.2.8: General Protocol For Ion Exchange
Ion-exchange columns of dimensions 1cm2 x 25cm were prepared. A 10cm3 
aliquot of the vesicle solution was then passed successively down two columns, 
using distilled water as an elutant, at a flow rate of about 1cm3 per minute. The 
vesicle fractions were collected as recognised by their greater turbidity as compared 
with water, negligible dilution of the vesicle solution occurred. The columns were 
recharged after passage of each sample.
8.2.9: Determination of Intravesicular and Extravesicular Ag Concentrations
Ion exchange, ultrafiltration, and atomic absorption techniques were used to 
determine the intravesicular concentrations of silver, and the quantity of Ag 
remaining on the external vesicle surface subsequent to ion-exchange. The 
encapsulated and bound silver concentrations were determined using a protocol 
described in Figure 8.3. A prepared vesicle solution was divided into two aliquots, 
and identical silver ion quantities were encapsulated in one, and added only to the 
extravesicular solution in the other. Both solutions were then ion-exchanged to 
remove unencapsulated silver ions, and the amount of silver associated with the 
vesicles after ion-exchange was determined directly by atomic absorption 
spectroscopy. The silver concentration remaining in the sample in which only 
extravesicular addition had been made corresponded to silver ions still bound to the 
vesicle surface. The concentration of silver ions remaining in the second sample 
after ion exchange was due to encapsulated ions, together with those remaining on 
the external vesicle surface. On assumption that the presence of intravesicular silver 
ions did not affect ion-binding to the external vesicle surface, the difference in silver 
concentrations between the two samples yielded the encapsulated silver 
concentration.
I l l
8.3: PRECIPITATION OF SILVER WITHIN VESICLES
A range of preparative routes were employed to attempt the precipitation of 
silver within surfactant vesicles. Both anionic DHP and cationic DODAB vesicles 
were utilised, as were a variety of reduction methods, and encapsulation techniques. 
The preliminary experiments performed are described, and a successful route by 
which silver crystallites may be produced in situ in DHP vesicles given.
8.3.1: Colloidal Ag
Many preparations of colloidal silver have been described (31). However, 
suitable species leading to intravesicular reduction are limited by the prerequisite 
that reducing species must be electrically neutral, so as to pass across the vesicle 
wall. Examples of possible reductants are given below:
H2 CO
Ag20  ------------------------ ► Ag Ag20   ► Ag
(aq) Pressure /  50-60°C (aq)
4 _  n 2h 4 h c h o
AgN03 ------------------------ ► Ag Ag20   ► Ag
(aq) (aq)
The pH range over which these species act as successful reductants is also limited. 
Although reduction occurs more readily at higher pH values, at pH values >8  silver 
ions will react to form Ag20 :
Spontaneous
2Ag+ + 20H ‘ ------------► 2AgOH  ► Ag20  + H20
Dehydration 
(s) (s)
Consequently, AgN03 solution could not be added to vesicle dispersions at pH 
values > 8  since this would have resulted in the uncontrolled precipitation of Ag20 . 
Both of these factors were necessarily considered when selecting potential 
reductants. As is described in the following sections, these problems were 
overcome by pre-complexing the silver ions prior to addition to high pH solutions, 
by increasing the pH of the vesicle solutions subsequent to encapsulation of the 
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Figure 8.4: Spectrum showing silver produced on consonication of AgNC>3 solution 
and DHP vesicles
Figure 8.5: Spectrum of vesicle solution run against control vesicle solution of 
slightly different concentration
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8.3.2: Encapsulation of AgNO^ in DHP Vesicles by Sonication
(A) Ag+ cations were encapsulated in anionic DHP vesicles. DHP vesicles 
were prepared as described in Section 8.2.1, at 0% and 50% neutralisation levels. 
0.04M AgN03 solution was added to the vesicle solution immediately after 
dispersion, with constant stirring. 50pl aliquots were added per 10ml of vesicle 
solution to give a silver concentration of 2 x lO^M. No flocculation was observed. 
Sonication was continued until a monodisperse population of unilamellar vesicles 
had been produced. Reduction occurred on sonication at both neutralisation levels, 
as indicated by an intense yellow colouration of the solutions. UV/VIS examination 
showed strong absorption at 410nm, which is characteristic of colloidal silver 
(Figure 8.4). The peak at 300nm occurred on measuring the sample against a 
control vesicle solution of slightly different concentration (Figure 8.5).
(B) "Fragile" molecules have been encapsulated within vesicles by 
sonicating over short time intervals. A similar procedure was attempted to 
encapsulate AgN03 without co-reduction. However, some reduction was noted on 
cosonication of AgN03 and DHP vesicles, even after an interval of only 20 seconds, 
as recognised by a yellow colouring of the solution and a characteristic absorption at 
410nm (8).
Proposed Mechanism of Reduction:
Reduction did not occur on sonication of a solution of AgN03 with DHP, or 
on addition of AgN03 solution to preformed vesicles. It was thus considered that a 
transient species may have been produced on sonication of DHP which resulted in 
reduction to Ag(O). A possible mechanism for the ultrasound-induced reduction of 
Ag(I) in the presence of DHP is given in Section 8 .6 .
(C) AgN03 was readily reduced during sonication of DHP. In order to 
stabilise the Ag(I) against such reduction, the silver ions were complexed prior to 
addition to the vesicle solution. The range of suitable ligands was restricted
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because, in order to be encapsulated in the anionic DHP vesicles in acceptable 
quantities, the silver complex had necessarily to display a net positive charge. 
Ammonia was selected as a suitable ligand since it chelates Ag+ to form the 
complex Ag(NH3)2+ which is reduced by carbon monoxide slowly at pH 9 and much 
more rapidly at higher pH values. However, cosonication of Ag(NH3)2+ with DHP 
vesicles which had been previously corrected to a pH level of about 11.5, resulted in 
reduction. Thus a methodology was considered in which DHP was cosonicated with 
Ag(NH3)2+ at a pH value at which Ag(NH3)2+ was less readily reduced. Subsequent 
increase in the pH of the vesicle solution would then facilitate reduction of the 
intravesicular Ag+ to Ag metal by a carbon monoxide reductant. The procedure is 
summarised in Figure 8 .6 .
The silver-ammonia complex was prepared by increasing the pH of silver 
nitrate solution through addition of concentrated NH4OH solution:
2Ag+ + 20H ' ------ ► Ag20  + H20
(S)
Ag20  + 4NH4OH ------ ► 2Ag(NH3)2+ + 2H20  + 20H '
(s) (aq)
Addition of a small quantity of Nt^OH resulted in a brown precipitate of Ag20  
which dissolved in excess reagent to give Ag(NH3)2+. 50fil aliquots of this solution 
were then added per 10ml quantities of vesicles, such that the silver concentration 
was 2 x 10"4 M. Additions were made at the end of the sonication process and 
cosonication was carried out for 5 minutes. The Ag+ ions were reduced on 
sonication with vesicles at 0 % neutralisation, while no reduction was observed on 
cosonication with 100% neutralised DHP vesicles. The unencapsulated silver 
complexes were then separated from the vesicles by ion exchange. The efficiency 
of the separation was tested by comparing the quantity of silver associated with the 
vesicles after ion exchanging with that remaining in a preparation which had been 
treated identically, except that Ag(NH3)2+ was added externally to preformed 
vesicles (as discussed in Section 8.2.9). Resin (1) proved to be more successful in 
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Concentration of silver remaining in 
vesicle solution after ion-exchange
silver solution not encapsulated 
(bound to external surface)
1.5 x 10-5 M
silver solution encapsulated 
(bound to the external surface 
and encapsulated)
1.1 x 10 ‘5 M
Table 8.3: Efficiency of resin (1) in the H-form in removing 
ammonia-complexed silver from DHP vesicles at 100% neutralistion level
shown in Table 8.3. Ion-exchange failed to remove a significant quantity of the 
bound silver complex from the external vesicle surface, indicating strong binding of 
the complex to the vesicle surface. Ultrafiltration of ion-exchanged vesicles, and 
subsequent investigation of the filtrate showed that no unbound silver complex 
remained in the solution after ion-exchange.
Thus, although cosonication of Ag(NH3)2+ and DHP vesicles was feasible, 
this procedure was not suitable for the production of silver particles in the interior of 
vesicles only.
8.3.3: Precipitation in DODAB Vesicles
A smaller energetic input is required to produce DODAB, as compared with 
DHP vesicles. It was thus considered that cosonication of a silver complex with 
DODAB vesicles might not result in concomitant reduction to Ag(O). 
Precomplexation of the silver ions was necessary to form an anionic silver species 
which could be encapsulated within the cationic DODAB vesicles in satisfactory 
quantities. However, the choice of potential ligands was very limited; although 
Ag(I) is strongly bound by numerous anions, the majority of salts are insoluble. 
EDTA and CN' were selected as suitable contrasting ligands.
Complexation by EDTA
A silver-EDTA complex was prepared. EDTA (Na-form) was dispersed in 
water and NaOH was added to give dissolution. On addition of AgN03, a white
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precipitate formed which dissolved on further addition of NaOH. Addition of the 
required quantity of this silver complex to the vesicle solution caused flocculation of 
the vesicles. Flocculation was observed on addition of even small quantities of the 
complex solution with vigorous stirring, as well as after additions of the complex 
solution in which the silver ion was in excess. These results are consistent with the 
susceptibility of surfactant vesicles to flocculation by even moderate concentrations 
of electrolytes (24). However, that the DODAB vesicles flocculated in the presence 
of tiny aliquots of the EDTA-Ag complex, suggested that flocculation may have 
been caused by specific binding to the vesicles, as well as by electrostatic 
interactions.
Complexation by CN'
A silver cyanide complex was used as an alternative to the EDTA-silver 
complex. Ag(CN)2' was prepared by addition of excess KCN to AgN0 3  solution.
On initial addition of KCN, a white precipitate formed, which was soluble in excess 
reagent:
Ag+ + CN* ----------- ► AgCN
(s)
AgCN + CN- ----------- ► Ag(CN)2-
(s) (aq)
The vesicles were stable to the addition of aliquots of Ag(CN)2_, and no reduction 
occurred on cosonication. Unencapsulated Ag(CN)2" was then separated from the 
vesicles using anion exchange chromatography. The procedure given in Section 
8.2.9 was followed in order to determine the encapsulated and externally bound 
concentrations of silver. Atomic absorption spectroscopy yielded the results given 
in Table 8.4. These showed that only a very small quantity of Ag(CN)2’ was 
encapsulated, while a relatively large amount remained bound to the external vesicle 
surface. Thus, encapsulation of Ag(CN)2" in DODAB vesicles proved an 




Concentration of silver remaining in 
vesicle solution after ion-exchange
silver solution not encapsulated 
(bound to the external surface)
1.1 X 10-5 M
silver solution encapsulated 
(bound to the external surface 
and encapsulated)
3 .0  x 10 '5 M
Table 8.4: Efficiency of anion exchange resin in the nitrate form in 
removing cyanide-bound silver from DODAB vesicles
8.4: ENCAPSULATION OF Ag+ VIA ELECTROPERMEABILISATION OF 
SURFACTANT VESICLES
An electropermeabilisation procedure was employed as an alternative route 
to sonication for the encapsulation of Ag+ ions within DHP vesicles. This method is 
less destructive of the DHP molecules than is sonication.
8.4.1: Background
The electrical breakdown of cell membranes has been used to encapsulate 
molecules normally impermeable to cell membranes, while still maintaining the 
integrity of the cell (32). The phenomenon of reversible electrical breakdown of cell 
membranes occurs on application of an electric field pulse of high intensity (in the 
order of kV/cm) and short duration (pulses of 100-400nsec duration) across the cell 
wall (33). A total membrane potential in the order of IV (the actual critical voltage 
being a function of the membrane composition) results in reversible electrical 
breakdown. The electrical breakdown of the membrane capacitor causes 
perturbations in the membrane structure, which in turn results in increased 
permeability of the membrane. Conversely, irreversible mechanical rupture occurs 
when the membrane is charged by lower voltages (between 150mV and 400mV) 
over relatively long durations (msec to sec). The sequence of events involved in 















a, The membrane may be considered as a capacitor filled with a dielectric
b, Application of an external electric field pulse results in the buildup of a 
membrane potential difference V, due to charge separation across the membrane, 
and results in a decrease of membrane thickness
c, Breakdown of the membrane occurs if the critical breakdown voltage Vc is 
reached. Breakdown results in the formation of transmembrane pores, causing 
discharge of the membrane and leading to decompression. The process is reversible 
if the product of the number and size of the pores is small compared with the total 
membrane surface
d, At supracritical field strengths and longer pulse durations, larger areas of the 
membrane undergo breakdown. If the size and number of the pores are large in 
relation to the total membrane surface, irreversible breakdown occurs, resulting in 
mechanical destruction of the cell
Figure 8.7: Schematic representation of irreversible mechanical breakdown of a 
membrane
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1, Growth of membrane shape fluctuations (microseconds)
2, Molecular rearrangements, leading to discontinuities in the membrane 
(nanoseconds)
3, Expansion of the pores, resulting in mechanical breakdown of the membrane 
(milliseconds)
When a high voltage pulse of short duration is applied, there is a rapid initial voltage 
drop to a value between 0 and 220mV which is too low to cause mechanical rupture. 
The first voltage decay characterises a high conductance state of the membrane. On 
application of a lower voltage pulse of longer duration, the membrane potential 
drops only slowly to such voltages, and thus stage (3) of electrical breakdown is 
reached; irreversible mechanical rupture occurs.
8.4.2: Method
DHP vesicle samples of surfactant concentration 2 x 10'3M and 
neutralisation levels of 0% and 50%, were prepared as described in Section 8.2.1 
and summarised in Table 8.5. Silver nitrate solution was then added to the cooled
Sample Description
A No neutralisation of DHP during sonicationA pH subsequent to sonication ~ 3
NaOH added during sonication to give 50%
B neutralisation of the headgroups
pH subsequent to sonication ~ 5
Table 8.5: Summary of samples utilised in electropermeabilisation method
vesicle solution under constant stirring. A 50pl aliquot was added per 10ml of 
vesicle solution to give a final silver concentration of 2 x lO^M. Encapsulation was 
then attempted by the application of high electric field pulses of short duration to the 
vesicle solution (Figure 8 .8). Figure 8.9 shows a schematic representation of the 
experimental setup. On application of a pulse, the transistor is effectively "switched 
on " and a potential difference forms across the resistor between terminals A and B.
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Figure 8.8: Encapsulation of silver ions by electropermeabilisation
(A) (B) (C)
(A) A high voltage pulse of short duration is applied to the vesicle solution
(B) Increased permeability of the vesicle membrane results, such that the Ag+ ions 
may pass through the vesicle wall
(C) Subsequent to decay of the pulse, the vesicle permeability reduces to the original 
value, resulting in encapsulation of the Ag+ ions









On termination of the pulse, the transistor is again "off’, and the potential difference 
which had formed between A and B is discharged through the capacitor. 30 pulses 
of lOOpsec duration and of magnitude lkV were applied to the vesicle solutions, 
which were heated to ~80°C prior to introduction into the sample cell; the critical 
breakdown voltage of a membrane is temperature dependant, and decreases with 
increasing temperature (33). A glass sample cell of dimensions 1.2cm x 0.4cm x 
8 .0cm was employed, and the voltage was applied across the smallest dimension in 
order to achieve the greatest possible electric field magnitude. Samples were then 
allowed to cool to room temperature prior to ion-exchange treatment.
8.4.3: Results
No reduction of Ag(I) to Ag(0) occurred on application of the electric field to 
either sample A or B. Extravesicular silver ions were removed from the vesicles by 
passage of the solutions consecutively down two cation exchange columns formed 
from Resin (1) in the proton form. The externally bound and encapsulated silver ion 
concentrations were determined using the procedure given in Section 8.2.9. Table 
8 .6  shows the atomic absorption measurements on the ion-exchanged vesicle 
samples. Ion-exchange was successful in removing the vast majority of externally 
bound Ag+ ions from both vesicle samples. Sample B exhibited a much higher
Sample
Associated concentration of Ag 
after ion exchanging, as 
determined by atomic absorption
AgN03 encapsulated 10 x 10-6 M
A ,
pH3 AgN03 added to extravesicular 2 x 10-6 M
 ^ solution only
AgN03 encapsulated 60 x 10-6 M
B < AgN03 added to extravesicular 7 x 10"6 M
pH5 „ solution only
Table 8.6: Results of atomic absorption measurements on samples A and B 
after electropermeabilisation, revealing encapsulated Ag concentration.
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encapsulation efficiency than Sample A, as can be accounted for by considering the 
greater degree of neutralisation of the headgroups in Sample A. At the low pH of 
Sample A (pH3, no neutralisation) a greater degree of headgroup protonation would 
occur than at the pH 5 of sample B (50% neutralisation). Thus, a greater 
concentration of Ag+ ions would be anticipated to associate with the vesicle 
membrane in Sample B as compared with A.
8.5: REDUCTION OF ENCAPSULATED Ag+ IONS BY LASER 
PHOTOLYSIS
As discussed in Section 8.3.1, AgN03 solution is not readily reduced by the 
chemical reagents typically used in the synthesis of colloidal Ag at the low pH 
values involved in the preparation of Samples A and B (pH3 and 5 respectively). 
Thus, reduction of the encapsulated Ag+ ions was attempted by laser photolysis. 
This method has the intrinsic benefit of achieving reduction without the neccessity 
of adding further chemical species which could interfere with, for example, electron 
transfer processes for which such a vesicle system may ultimately be used.
8.5.1: Method
Samples were irradiated in a 1cm3 x 1cm3 x 3cm3 quartz cell. A Lambda 
Physic, EMG101MSC XeCl excimer laser, producing pulses of X=308nm, width 
20ns and energy 100-120mJ/pulse was employed. Irradiation was carried out for 1 
minute intervals, at a frequency of 10Hz, after which UV/Visible spectra were 
recorded. Progress of the photolysis was monitored in the samples described in 
Table 8.7. The photolysis of 6 x 10'5M AgN03 solutions in the absence of DHP, 
treated as described in Table 8.7 under samples Cl and C2, constituted suitable
f
control experiments. Some samples were also saturated with carbon monoxide prior 
to photolysis since it was thought that the extreme conditions occurring under laser 




































250 300 400 500 600 700 800
WAVELENGTH (nm)
Figure 8.10a: Spectrum showing the production of silver on photolysis of 50% 
neutralised DHP vesicles, solution CO saturated, measured over 2-14 minutes
Figure 8.10b: Spectrum showing the production of silver on photolysis of 50% 


















Encapsulated AgN03 solution saturated 
with carbon monoxide prior to irradiation
Encapsulated AgN03
Encapsulated AgN03 solution saturated 
with carbon monoxide prior to irradiation
6 x 10'5M AgN03 solution
6  x 10'5M AgN03 solution, saturated 
with carbon monoxide prior to irradiation
Table 8.7: Summary of samples reduced by laser irradiation
8.5.2: Results
No reduction occurred in sample Cl. Reduction was observed in all other 
samples, as indicated by the development of an absorption peak at 410nm, 
characteristic of the plasmon absorption spectrum of bulk silver (8). The change in 
the absorption spectrum of samples A1 and A2 over periods of 0 to 14 minutes is 
shown in Figures 8.10a and b respectively. A comparison of the degrees of 
reduction achieved in samples A l, A2, B2 and C2 after 5 minutes photolysis is 
displayed in Figure 8.11. Figure 8.12 shows that the rate of reduction of Ag(I) is 
enhanced by saturation of the solutions with carbon monoxide. That sample C2 
underwent some reduction, while no change was noted on irradiation of sample Cl 
also supports this observation. However, as displayed in Figure 8.11, it should be 
noted that laser photolysis in the presence of DHP was the principal cause of 
reduction.
Laser irradiation of a solution results in local heating, and may result in the 
production of high energy species. Thus, a similar reduction mechanism to that 
previously invoked to explain the reduction of Ag+ in the presence of DHP under 
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P I , P2 = pinholes L I , L2 = lenses
Figure 8.13: Schematic representation of setup for light scattering experiment
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CHARACTERISATION OF INTRAVESICULAR SILVER SYSTEM
Characterisation of the vesicles prior and subsequent to precipitation of silver 
was carried out by dynamic light scattering techniques and by TEM; both techniques 
showed that the vesicles remained intact after laser irradiation.
8 .6 : ULTRASOUND (34)
The reduction observed on cosonication of DHP vesicles with Ag+ can be 
rationalised by considering the process of sonication.
Ultrasonic irradiation of solutions can enhance chemical reactivity, due to 
the localised extremes of temperature and pressures occurring on collapse of 
cavitation bubbles. Such extremes may induce fragmentation of the solvent and/or 
reagent and thus generate reactive species. Indeed, water itself may be decomposed 
on sonication, with the formation of radical species and hydrogen peroxide:
H20  ------- ► HO + H
H + 0 2 --------► H 0 2
h o 2 + h o 2 ^  h 2o 2 + o2
HO + HO ------- ► H20 2
Thus, any species in aqueous solution will be subject to reaction with the above 
produced species. Additionally, reactivity may also be enhanced due to disruption 
of the water structure; an alteration of the solvation of any species may reduce the 
energy of a reaction transition state, and consequently modify the reaction rate. It is 
well established that the prolonged exposure of solutions of macromolecules 
(notably polymers) to high energy ultrasound produces permanent reductions in the 
solution viscosity. Such degradation of the molecule may occur as a consequence of 
frictional forces between the accelerated solvent molecules and macromolecules, or 
due to secondary effects such as chemical reaction with radical intermediates. 
Although it may be intuitively anticipated that scissions would occur at weak bonds
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in the macromolecule, it has been experimentally demonstrated that polymers 
degrade at the chain midpoint.
The reduction of Ag(I) in the presence of DHP on ultrasonic irradiation may 
be rationalised on the basis of the preceding description. That sonication of AgN03 
solution in the absence of DHP failed to induce reduction indicated that ultrasonic 
degradation of the water was not responsible for the reduction. It is probable that 
the DHP molecules were degraded on sonication, generating high energy species 
which could in turn reduce the Ag+ ions. As discussed in connection with polymer 
degradation, the fracture site of a molecule may not necessarily be located at the 
weakest bonds, since polymers frequently fragment to yield two approximately 
equal portions. Thus, mechanisms such as those shown in Figure 8.12 may be
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Figure 8.12: Possible degradation products of DHP
equally probable. The presence of these radicals could then readily result in electron 
donation to Ag(I) to form Ag(Q).
8.7: LIGHT SCATTERING MEASUREMENTS
The mean hydrodynamic radius of the DHP vesicles prior and subsequent to 
laser irradiation was determined by dynamic light scattering.
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8.7.1: Technique
As a method for characterising small particles, light scattering offers 
advantages such as speed and versatility, while necessitating only small quantities of 
sample (35-37). Interaction of light with a molecule of a transparent, nonabsorbing 
substance results in scattering of light from the incident beam, with the molecule 
behaving as a source of secondary radiation. The scattered light depends in 
character on both the incident light and on the molecule itself, and as such may be 
utilised to obtain information on either. Light scattering occurs due to the 
interaction between the oscillating electric field component of the incident light 
wave with the molecule. An electric force is exerted on the electrons which in turn 
produces an oscillating electric dipole moment, the magnitude of which is 
determined by the polarisability of the molecule and the magnitude of the incident 
electric field. Such an oscillating dipole radiates energy in the form of scattered 
light, as predicted by classical electromagnetic theory.
Features of the scattered light, such as variations in the polarisation and 
wavelength may be used to obtain information on a sample; quasi-electric light 
scattering (QELS) is based upon the variation in intensity of the scattered light as a 
function of time. The intensity of scattered light is dependent on the spatial 
arrangement of the scattering centres at any instant in time. However, since these 
centres are undergoing diffusive Brownian motion, the instantaneous value of the 
intensity fluctuates about an average intensity value. The frequency of the 
fluctuations is determined by the dynamics of the scattering centres in the solution, 
and thus ultimately by their dimensions. The translational diffusion coefficient, D is 
the primary quantity measured by QELS. On assumption that the scattering centres 
move independently (which is considered valid in dilute sample solutions), the 
particle size may be readily derived from the diffusion coefficient. In the case of a 
spherical particle:
P  _ ^bT d -  particle diameter
3jrrid rj = solution viscosity
When a distribution of particle sizes is present in the sample, an averaged diffusion
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coefficient is obtained. An average hydrodynamic diameter, which is the diameter a 
sphere must exhibit to display a diffusion rate equivalent to the particles under 
investigation, may then be determined from the averaged diffusion coefficient.
8.7.2: Experimental
Light scattering experiments were performed using a dynamic light 
scattering system comprising a Brookhaven Instrument (goniometer, digital 
correlator and microcomputer) with a Spectra Physic 171 Ar ion laser as source.
The experimental setup was as shown schematically in Figure 8.13.
Light scattering measurements were made on the vesicle samples A l, A l \  
B l, and Bl* (where the nomenclature is as defined in Table 8 .8). The surfactant 
concentration was 2mM in all cases. Samples were permitted to equilibrate in the 
sample holder for a few minutes prior to recording the light scattering data.
8.7.3: Results








pH 3 prior 
to reduction
151.8 4.591 x 104 0.1735 +/- 3.99%
Al*





pH 5 prior 
to reduction
147.2 4.305 X o L 0.1277 +/- 6.61%
B l’ pH 5 after 
reducton
147.8 3.666 X o k 0.1502+/-4.13%
Table 8.8: Data from light scattering experiments
polydispersity gives a measure of the width of the size distribution; monodisperse 
samples have values approximating to zero. Negligible variation in the average
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vesicle diameter occurred as a function of pH or subsequent to the formation of 
intravesicular silver particles.
8.7.4: Estimation of Intravesicular Particle Size
Assumptions made:
Vesicles are unilamellar and spherical 
and as such:
Vj = Internal Volume = 4/3 JcRj3 
Rj = Rex - 60A
where Rex is the mean hydrodynamic radius 
determined from light scattering
(1) Headgroup area of DHP molecule on interior and exterior of vesicle = 70A^ 
(40)
(2) Bilayer thickness of unilamellar DHP vesicle = 60A (23)
(3) The encapsulated silver ion concentration is as determined from atomic 
absorption measurements, as described in Section 8.2.9. It is assumed that all of 
these ions are in the internal volume.
(4) All vesicles have a radius equivalent to the mean hydrodynamic radius and as 
such contain an identical number of DHP molecules; a sonicated dispersion of 
vesicles has a narrow distribution of radii as was shown by the polydispersity values 
of the samples.




The followin g evaluations can be made on the basis of these assumptions:









1.54 x 10-21 
1.31 x 10-21
9 x 10"6 
6  x 10-5
From the headgroup area of DHP, and from a simple determination of the areas of 
the internal and external surfaces of the vesicles, the total number of surfactant 







No. DHP molecules 
per vesicle
A l’ 6.45 x 1 0 14 7.58 x 10 14 1.40 x 1 0 13 200402
B l’ 5.79 x 1 0 14 6 .8 6  x 1 0 14 1.27 x 1 0 13 180805
The number of moles of Ag+ encapsulated per vesicle can then be determined from 
the concentration of Ag+ ions in vesicular volume, C(Ag+)j
Total solution volume+. Concentration of Ag C(Ag )j — X
m entire solution Total volume encapsulated in vesicles
Which can be expressed as:
, Concentration of Ag+
C(AgV . Xm entire solution
Concentration of DHP 
per vesicle







Number o f moles o f Ag+ encapsulated: 
per vesicle
Concentration o f Ag+ 
in entire solution
X
Concentration of DHP 
per vesicle
Concentration o f DHP 
in entire solution
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Hence, as derived from the above equation:
Sample Moles Ag+ per vesicle
Atoms Ag+ 
per vesicle
Al* 1.50 x lO 21 902
B l’ 9.07 x lO 21 5424
Therefore, on assumption that all of the encapsulated Ag+ ions are reduced to form 
one spherical particle per vesicle and that:
Density Ag metal = 10.5 x 106 g/m3 = moles/m3
the diameter of silver crystallites predicted in samples A l ’ and Bl * are:
Sample
Volume Ag Produced 
per vesicle /  m3
Diameter of Ag Crystal 
predicted (A)
A l’ 1.54 x 10' 26 30.9
Bl* 9.26 x lO 26 56.1
8 .8 : ELECTRON MICROSCOPY
The dynamic light scattering experiments provided a method of examining 
the vesicles in situ. TEM is a complementary technique, examining the vesicles 
subsequent to drying on the specimen grids.
8.8.1: Experimental
Samples of specimens Al* and Bl* (as defined in Section 8.7.2) were 
supported on carbon-coated, formvar-covered, 400-mesh Cu TEM grids. Some of 
these grids were then negatively stained with 1% uranyl acetate or 1% ammonium 
molybdate solution, so that the vesicles themselves could be imaged.
8.8.2: Results
The images recorded are shown in Figure 8.14. Figures 8.14a and b show
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Figure 8.14a and b: Vesicles from sample A l’ (no surfactant neutralisation, defined 
in Section 8.7.2) stained with ammonium molybdate solution
Figure 8.14c and d: Vesicles from sample B l’ (50% surfactant neutralisation, 
defined in Section 8.7.2) stained with uranyl acetate solution
Arrows indicate stained vesicles
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sample A l ' (corresponding to no neutralisation of the surfactant during preparation) 
stained with ammonium molybdate solution, while Figures 8.14c and d represent 
sample B 1' (corresponding to 50% neutralisation of the surfactant during 
preparation), stained with uranyl acetate solution. That poorly-defined images were 
obtained is typical of negatively stained surfactant vesicles (25,38,39); the stains do 
not appear to interact favourably with highly charged vesicles. However, the images 
show that uranyl acetate proved to be a better stain than did ammonium molybdate, 
although the pH of the vesicle solutions may also have influenced the respective 
success of the stains.
Nevertheless, despite the lack of clarity in the micrographs, it still remains 
possible to identify vesicles. The light scattering experiments described previously 
indicated that the vesicles had average hydrodynamic diameters of about 150nm.
On drying on to the specimen grids, if it is assumed that no change in dimensions 
occurs on dehydration, the vesicles would be expected to flatten out to give apparent 
diameters of about 200nm. Vesicles are indicated by arrows in Figure 8.14. The 
micrographs also show silver particles with diameters in the range of 50-100A. 
Although it is difficult to discern association with individual vesicles, the silver 
crystallites are non-aggregated, as would be anticipated for intravesicular particles.
INVESTIGATION INTO INTRAVESICULAR SILVER SYSTEM
8.9: ELECTRON TRANSFER EXPERIMENTS 
8.9.1: Introduction
The application of vesicle systems to photochemical conversion and storage 
devices is a topic that has attracted considerable interest (1-3,39,40). Vesicle 
dispersions are convenient media for the in situ generation and stabilisation of 
colloidal particles (40-42) since their large surface areas and long term stabilities, 
together with the potential of developing different populations of particles on the 
interior and exterior surfaces, offers great flexibility (3,42). By providing an 
encapsulated volume, they also enable spatial separation of oxidation and reduction
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half cells (43,44). The ability of a colloidal Ag particle to accept and store electrons 
was described in Section 8 .1.2. It was desired to exploit this behaviour in a vesicle 
system in which an electron source, and the silver particles constituting the electron 
sink, were separated by the vesicle wall. A schematic representation of such a 
system is shown in Figure 8.15. CdS particles were considered a suitable electron 
source since vesicle-associated CdS particles have been synthesised and fully 
characterised (1-3,45,46). Laser photolysis of CdS results in photoelectron 
emission. Absorption of two sequential photons (9) causes excitation of an electron 
into a high level in the conduction band from which it may tunnel into the aqueous 
solution (12).
Electron transfer across a vesicle membrane may be realised via tunnelling 
of the electron, or by mediation with an intermediate carrier (1). The properties of 
methyl viologen and a series of long-chain alkyl derivatives of the viologen 
molecule as intermediate carriers have been investigated (43,44,47,48). The rate of
\  f /CH3 —  N X> ( '  N —  R
\ = /  \ = /
Figure 8.16: Substituted viologen molecule
transmembrane transport is strongly dependant on the length of the alkyl chain (43). 
Long-chain species are more efficient than methyl viologen, and function by either 
of two possible mechanisms (see below). Experiment suggests that the second
(1) Reduction of viologen on the outer surface, followed by
migration of the reduced molecule into the inner surface
r»Y 2+ ------- ► cv +- cv +■ ------- ► CV- +•^  v out ^  v out ^  v out v  in
(2) Reduction of viologen on the outer surface, followed by
electron trn sport to an inner viologen molecule
cv+out+cv2+m ------► cv2+out+cv+in
mechanism is the more likely. Cetyl viologen was therefore used in the experiment.
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Electron transfer to Ag particle
CdS




electron transport across membrane
Figure 8.15: Schematic representation of electron transport system from CdS 



















Prior to considering the system described above, a simplified experiment 
was performed to determine the plausibility of such a system. Ag+ was encapsulated 
within the vesicles, Ru(bpy)32+ was added to the extravesicular solution as an 
electron source, and cetyl viologen was utilised as a transmembrane electron 
mediator. Ru(bpy)32+ is a commonly used electron source (2,43) and it was 
envisaged that electron transfer across the membrane could be monitored as the 
appearance of the plasmon absorption of metallic silver at 380nm (8 ).
DHP vesicle solutions were prepared at a surfactant concentration of 2 x 
10"3M and neutralisation levels of 0% and 50%, as described in Section 8.2.1. 
Aliquots of a solution of 10'2M cetyl viologen were added to the prepared vesicles 
with constant stirring, such that the overall concentration of the viologen was either 
lO^M or 2  x lO^M. Flocculation was observed in the 0% neutralised sample but 
did not occur in the 50% neutralised sample. At the lower pH of the unneutralised 
sample, the vesicles probably possess only a minimal total negative charge.
Addition of CV2+ may result in neutralisation of the vesicles and induce 
flocculation. The 50% neutralised sample was then sonicated for a further 5 minutes 
to aid dissolution of the viologen molecule into the vesicle membrane.
0.04M AgN03 solution was added to the vesicle solution to give a total 
concentration of 2 x 104  M, and electropermeabilisation was used to encapsulate 
the Ag+ ions as described in Section 8.4.2. After the solution had cooled, 
unencapsulated Ag+ ions were removed from the vesicles by ion exchange. The 
solution was consecutively passed down two cation exchange columns, formed from 
Resin (1) in the H-form. The viologen molecules were considered to be intimately 
associated with the vesicle membranes, and would not be removed during the ion 
exchange process. This was confirmed in the electron transfer experiments (see 
below). Portions of a 6  x 10'3 M solution of Ru(bpy)32+ were added to the 
extravesicular solutions to give concentrations of either 2 x 10"5 M or 2 x 10^ M. 
The sample was irradiated in a quartz sample cell of dimensions 3cm x 1cm x 1cm, 
and was deaerated with Ar for 30 minutes prior to photolysis.
2 . 0 0  p s / d i v 8.80000 jis 18.80000 jxs
Sensitivity 2.00 mV/div Offset 0.00000 V Impedence 500
(a) * Baseline (b) = [DHP] 2xlO’3M [CV] lxlO^M [Ru(bpy)32+] 2xlO'5M
Figure 8.18: Scope trace showing the production of the CV+ radical in the vesicle 
membrane after laser excitation
- 1 . 2 0 0 0 0  {as 2.00 |A s /d iv 8.80000 {is 18.80000 {is
(C)
’ ji
"  1 **■------- ^
A m  m i x ,  (b) 
* N M a A .  A a > 4 . / A i l
1 , , ( a )  . t  1  ( 1 t  I  I I t
VS'A ^ ^
V ^ V V V v v ^ V y k A ^ ^
Sensitivity 2.00mV/div Offset 0.00000 V Impedence 500
(a) = Baseline (b) = [DHP] 2xl0’3M [CV] 2x1 O^M (c) = [DHP] 2xlO’3M [CV] 2xl04M [Ru(bpy)32+] 2xlO‘4M
Figure 8.19: Scope trace showing the production of the CV+- radical in the vesicle 
membrane after laser excitation
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The experimen tal arrangement was as shown in Figure 8.17. The equipment utilised 
was:
150W XeHg lamp (Oriel) as monitoring light source 
Jarrel-Ash monochromator (0.25m)
Hamatsu R955 photomultiplier
Hewlett-Packard 54510/A digitising storage scope
Lambda Physic EMG101MSC XeCl excimer laser, 20ns pulse width,
100-120mJ/pulse.
8.9.3: Results
The results of the photolysis experiments are shown in Figures 8.18 and 8.19. 
Both Figures show the production of the viologen radical on irradiation by the laser 
pulse, followed by its subsequent decay. An estimate of the concentration of the 
viologen radical present can be made, using the experimental conditions described 
in Figure 8.18:
Back-off current (photomultiplier reading in the absence of the sample) = 3.65mA 
Impedence = 50Q 
=> I*, = 182.5 mV
Absorbance subsequent to laser pulse = 4.5 mV






Extinction coefficient viologen €500 = 104 M ' 1 cm-1 
=> Concentration of CV+* produced = 10' 6 M
Figures 8.18b and c show that most of the CV+* radicals produced result from 
self-excitation of the CV2+ molecules. Addition of Ru(bpy)32+ to the extravesicular 
solution caused little increase in the quantity of CV+- produced.
Thus, the experiment was unsuccessful on two counts; a significant amount 
of self-excitation of the viologen derivative occurred, and little electron transport
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from the electron source to the viologen was noted. To proceed further, it would be 
necessary to excite the electron source (Ru(bpy)32+) at a wavelength which did not 
cause self-excitation of the viologen molecule (CV2+).
8.10: DYE ABSORPTION EXPERIMENTS
The optical properties of molecules can alter on close approach, or 
adsorption on to metal surfaces. Concomitantly, the adsorbed molecules may also 
modify the plasmon absorption of the metal (49-52). A strong coupling occurs 
between the adsorbed dye molecules and the plasmon resonance of small metal 
particles which modifies the characteristic absorption spectra of both the dye and the 
metal. The coupling depends upon (51):
(1) The degree of overlap of the dye spectrum with that of the colloidal Ag
(2) The size and shape of the silver particles
(3) The thickness of the dye coating
Thus, the observed absorption spectra of dye absorbed on silver particles is not 
necessarily a simple composite of the individual spectra, but may show an 
enhancement in intensity, and a shift of the characteristic peak positions (49,52)
Figure 8.20: Rhodamine 6G
It was considered that the phenomenon of resonance coupling between dye 
molecules and silver particles could be observable on addition of a suitable dye to 
silver produced in situ in vesicles. Indeed, such modification of the absorption
8.10.1: Method
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Figure 8.21: Spectrum of intravesicular silver particles prior to addition of 
Rhodamine 6G
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Figure 8.23a: Spectrum of intravesicular silver particles and Rhodamine 6G prior to 
electropermeabilisation
Figure 8.23b: Spectrum of intravesicular silver particles and Rhodamine 6G after 
electropermeabilisation
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spectra was notted on addition of crystal violet to silver particles precipitated on 
Black Lipid Membranes (BLMS) (52). Rhodamine 6G (Figure 8.20) was selected as 
a suitable dye because its characteristic absorption (A^^ = 524nm) is close to that of 
metallic silver (410nm).
Rhodamine was prepared as a 10 "3 M solution in ethanol. Ag colloids were 
produced within DHP vesicles as described in Section 8.5. IOjj.1 of the dye was then 
added to 10cm3 of the vesicles solution; in view of the small concentration of 
alcohol being added to the solution, it was not thought that this would result in 
degradation of the vesicles. The dye was incorporated into the vesicle wall by an 
electropermeabilisation method so as to enhance the rate of absorption into the 
membrane as compared with diffusion processes. UV/VIS absorption spectra were 
taken at every stage of the experimental protocol.
8.10.2: Results
Figure 8.21 shows the absorption spectrum of the silver in vesicles prior to 
addition of the dye. Figure 8.22 shows the characteristic absorption spectrum of 
Rhodamine 6-G in water (note that this spectrum corresponds to a dye concentration 
greater than that present in the vesicle solution, so that the absorption peak can be 
clearly viewed). The absorption spectra of the intravesicular silver and dye before 
and after the electropermeabilisation step are shown in Figures 8.23a and b 
respectively. A slight increase in the absorption corresponding to the dye could be 
noted after introduction of the dye into the membrane. That such a change was not 
very significant suggests that little or no coupling occurred between the dye and 
silver particles. It is unlikely that this is entirely due to a physical separation 
between the dye molecules and silver particles since resonance coupling has been 
observed across Black lipid membranes (52). However, the failure to observe 
coupling with the small intravesicular silver particles is in keeping with the results 
of Zhao et al. (52) who also do not observe coupling between very small silver 
particles and dye molecules situated on BLMS.
8.10 SUM M ARY
Silver p;articles of average diameter 41.3A were produced within unilamellar 
DHP vesicles, o f mean hydrodynamic diameter 150nm. AgNC>3 solution was 
encapsulated within the vesicles by an electropermeabilisation method, and 
unencapsulated silver ions were subsequently separated from the vesicles by cation 
exchange. Laser photolysis of the vesicle solution resulted in the production of 
silver crystallites specifically within the intravesicular volume.
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SECTION C




The distribution and function of iron in biological systems is an area that has 
received considerable attention (1-4). The diversity of its biological applications, 
from metalloproteins and their concomitant metabolic roles, to the storage and 
support structures provided by iron biominerals, serves to make this element an 
essential component to perhaps all organisms (5).
9.1: BACKGROUND
9.1.1: Iron in Biochemistry
Iron is the most abundant of the minor metals (in humans) (3) and functions 
almost exclusively in the processes of cellular respiration (6). Iron is well 
recognised as undergoing facile electron/base and electron transport reactions (4), 
and indeed, the magnitude of the Fe(n)/Fe(III) redox couple may be modified by 
coordination such that it varies over a wide range (7). The majority of the 
biochemical functions of iron are achieved in combination with proteins; the 
resulting metalloproteins are classified according to the structure of the metal 
binding site, or on the basis of their biological role. Classification based on the 
latter category yields three main groups of metalloproteins: those which reversibly 
bind and act to transport and store iron, the metalloproteins which reversibly bind 
oxygen and the iron-containing enzymes which participate in redox reactions (7). A 
summary of the major iron-containing proteins is given in Table 9.1. Much of the 
biological chemistry of iron is dominated by chelation to a porphyrin ligand, in 
which form it transports and stores molecular oxygen in the metalloproteins 
Haemoglobin (Hb) and Myoglobin (Mb) (4). Iron is also commonly located in 
iron-sulphur proteins which function as redox mediators and are significant in the 
process of nitrogen fixation by micro-organisms (4,7). Inorganic sulphur, or 
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Primary reaction is to oxidise molecules at 
the expense of H 2 O 2
Functions via a change in valence change 
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Other
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Reduction of ribo to deoxy ribonucleotides 
Viruses, plants, bacteriophages
Translocation and utilisation of Fe
Ferritin
Haemosiderin






Principally function as reducing agents
Preferred state Fe(III)
Bacteria, plants, mammalia
Table 9.1: The principal locations of iron in biological systems
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is representa tive of a third major class of chelation compounds in which the iron is 
bound in oxo-bridged polyiron centres (4). Many of the complexes in this category 
are organised around a (p-oxo)bis(|i-carboxylato)di-iron core (Figure 9.1).
His N3
Figure 9.1: The (p-oxo)bis(|i-caboxylato)diiron core found in 
azidometmyohemerythrin (From reference (4))
The protein itself is also important in defining the properties of the metal 
binding site, since both the functional ability, and the accessibility of the binding 
site to reductants and oxidants, is affected by additional complexation of adjacent 
ligands (7). For example, an isolated haem group provides 4-fold coordination to 
the bound iron ion, while the haem group in haemproteins is always 5 or 6 
coordinate due to additional ligands provided by the protein. Indeed, the difference 
in behaviour of Hb and Mb molecules as compared with cytochromes has been 
attributed to variations in coordination of the iron ion. Hb and Mb do not exhibit 
electron transport to oxygen, while cytochromes function by a redox change of the 
iron. The ligand in position "six" of the coordination site determines to a large 
extent the functional properties. In most cytochromes, the sixth position is occupied 
by a ligand from the protein (a vacant site is not required to permit electron transfer 
to and from the metal centre). Where binding by a substrate is required (for example 
in the case of Hb), the sixth site remains vacant.
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9.1.2: Iron Biomiineralisation
The majority of iron in organisms is present as soluble complexes which are 
typically involved in metabolic processes. However, the deposition of mineralised 
iron in biological systems is now also recognised as being widespread (8-10). 
Biogenic iron oxides occur in organisms as diverse as unicellular bacteria and 
mammals, are precipitated as a range of structures, and are considered to serve a 
variety of biological functions. The distribution of iron biominerals in organisms is 
summarised in Table 9.2. It is interesting to note that the phase of the iron oxides, in 
addition to the gross morphology, is under biological control. While oxidation of 
Fe(II), and the subsequent hydrolysis of Fe(III) at physiological pH, temperature and 
oxygen tension results in the precipitation of lepidocrocite with perhaps trace 
quantities of ferrihydrite (11), biological organisms successfully precipitate such 
phases as goethite and magnetite under identical conditions. Laboratory syntheses 



































Sump Beaver teeth 5Fe203.9H20 hardening of 
tooth surface





























Table 9.2: Distribution o f iron biom inerals in biological system s 
(Adapted from  (2))
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9.2: AIMS OF SECTION C
Section C of this thesis describes an examination of iron biomineralisation in 
two contrasting organisms. Chapter 10 provides a TEM study of magnetite 
synthesis in two previously uncharacterised strains of magnetotactic bacteria.
Crystal growth in such organisms occurs within discrete intracellular vesicles and is 
therefore subject to a high degree of control (13,14), as evinced by the modal size 
and defined habit of the mineral deposits. The processes involved in such crystal 
nucleation and development may thus be directly compared with the solid state 
reactions occurring within the artificial vesicle systems described in Section B.
Chapter 11 describes a study of iron biomineralisation in Porifera. 
Comparatively little is known about the processes of iron accumulation in such 
organisms. The present study uses techniques ranging from low magnification 
optical microscopy to HRTEM to investigate the iron biomineral, and provides a 
comprehensive description of iron deposition in the sponge Ircinia oros. The 
combined data suggest that crystal growth in these organisms occurs under minimal 
biological control. This contrasts markedly with the high degree of crystallographic 
specificity which distinguishes ferritin and magnetotactic bacteria; ferritin has 
evolved to control iron mineralisation in a labile form, while magnetotactic bacteria 
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CHAPTER 10 




Magnetotactic bacteria, first identified by Blakemore in 1975 (1) contain 
intracellular, membrane-bound magnetic crystals termed magnetosomes. The 
ordered alignment of such magnetosomes within the bacterium endows the cell with 
a net magnetic dipole and enables it to display a tactic response to the earth’s 
geomagnetic field lines; the term "taxis" implies that a magnetic field may influence 
the direction of motion of the organism, but not its absolute velocity. Discovery of 
such bacteria provided the first unassailable evidence that the geomagnetic field 
could directly influence an organism’s behaviour (2).
Magnetotactic bacteria are ubiquitous (1,3), having been located as a range 
of species in a wide variety of freshwater and marine habitats worldwide. Indeed, 
only samples collected from thermal, and extremely acidic sources such as hot 
springs or acid mine drainages have proved negative. However, the isolation and 
subsequent culture of individual species has not been readily achieved, due to the 
difficulty in recreating the specific microaerobic environment necessary for bacterial 
propagation and crystal growth (4,5). Until recently, only two strains of the 
Spirillum Aquaspirillum magnetotacticwn (3,6) and a marine vibroid bacterium, 
designated MV-1 (7,8) had been successfully grown in axenic culture. The work 
presented in this thesis describes the characterisation by HRTEM of the intracellular 
crystals in two newly cultured species, the vibroid strain MV-2 and the coccoid 
bacterium MC-1. The influence of the culture conditions on the growth of 
magnetosomes in strain MC-1 was also studied.
A range of morphologically diverse species of magnetotactic bacteria have 
been identified, and all produce intracellular crystals varying in structure, size, 
morphology and frequency between species. However, despite these variations, the 
mature crystal size, structure, morphology and the intracellular arrangement of the 
crystals are constant, and thus characteristic of a given cell-type. The number of 
crystals exhibited per bacterium does vary within a population of a given species 
since this property is a function of the maturity of a particular cell, and of the
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environmental (concentrations of certain chemical species such as iron and oxygen 
(9). The crystals have been characterised by HRTEM, STEM, EDXA and 
Mossbauer studies, and have been shown to be either magnetite (Fe30 4), the 
corresponding iron sulphide mineral greigite (Fe3S4) (10), or a combination of 
greigite and pyrite (11). Mossbauer studies on A. magnetotacticum and MV-1 have 
shown conclusively that the magnetic material within these bacteria is 
stoichiometric magnetite, Fe30 4 (7,12). Relatively large quantities of 
magnetosomes are required for Mossbauer studies. Thus, only cells which have 
been produced in pure culture may be investigated by this technique. The similarity 
in structure and in unit cell parameters between magnetite and the other magnetic 
iron mineral maghemite (7-Fe2 0 3), precludes differentiation between the two 
minerals on the basis of electron diffraction data.
The arrangement of crystals within a bacterium is variable; crystals oriented 
in single or double chains, as well as in aggregates within the cell cytoplasm have 
been observed (2,13). In the case of linearly-oriented particles, the magnetic 
interactions between the crystals in the chain tend to influence the crystals such that 
their magnetic dipoles are oriented parallel. Consequently, the bacterium possesses 
an overall moment equivalent to the sum of the individual moments. The cell also 
acts to maximise the potential dipole of the magnetosomes by restricting their 
growth to single domain size. Particles therefore invariably fall into the size range 
40-120 nm (9) since crystals smaller than a single domain exhibit superparamagnetic 
properties, while larger ones have multidomain structures. With the magnetosomes 
so-aligned, a permanent magnetic dipole is imparted to the cell along its axis of 
motility, and as such, the cells orient in the geomagnetic field.
Although magnetotactic organisms are directed by the geomagnetic field, 
they are not propelled by it; movement is of biological origin and results from the 
use of flagella. This was demonstrated by comparison of the behaviour of live and 
dead cells in magnetic fields. While live cells are motile, dead cells are simply 
passively oriented in the direction of the applied field (1,3). The positioning and 
















Figure 10.1: The proportion of north-seeking and south-seeking bacteria is 
dependant on the geographic location
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Figure 10.2: Orientation of bacteria along magnetic field lines
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are polarly flagelllated have been designated as either "North-Seeking" or 
"South-Seeking" depending on the orientation of the dipole with respect to the 
flagella. North-seeking bacteria predominate in the northern hemisphere while 
conversely, south-seeking bacteria predominate in the southern (Figure 10.1). 
Consequently, it was suggested that magnetotactic bacteria exhibit a resultant 
downward motion parallel to the geomagnetic field lines in pursuit of a preferred 
microaerobic environment (4). This hypothesis was corroborated by the 
experimental observation that the ratio of cell types in a population can be 
artificially altered by the application of an external magnetic field to the culture. 
Indeed, in the absence of a resultant vertical magnetic field, such as at the 
geomagnetic equator, there is no ecological selection for either cell type and equal 
numbers of cells of both polarities are observed (1,13). The ecologically-preferred 
polarity of a magnetotactic bacterium can be conserved in subsequent generations by 
partitioning of the magnetite inclusions during cell division. On failure of a 
daughter cell to inherit magnetosomes, north or south seeking polarities may be 
developed with equal probability.
Certain magnetotactic bacteria, notably cells of A. magnetotacticwn are 
bipolarly flagellated, and are thus neither North-seeking nor South-seeking. Cells of 
these species also exhibit aerotactic behaviour (14) and chemotactic sensors may be 
used to reverse the direction of motility until an ideal microaerobic region has been 
detected. The intracellular dipole provides a means for the efficient location of a 
preferred environment (4). In contrast to the view that aerotaxis is ultimately 
responsible for the evolution of a magnetotactic mechanism, Blakemore (1) has 
suggested that magnetite synthesis could also afford the cell protection against 
peroxides, to which such bacteria are very sensitive.
The simplest hypothesis regarding magnetotaxis is passive orientation of the 
bacterium along the magnetic field lines as a result of the torque exerted by the field 
on the magnetic dipole (Figure 10.2). Such alignment is achieved for magnetotactic 
bacteria in the earth’s geomagnetic field because the orientational energy Em of the
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bacterial moment M, as given by:
Em = -M . B = -MB cose
is much greater than the thermal energy which causes disorientation of the 
bacterium from the field lines. Consequently, for bacteria with moments exceeding 
10"12 emu, the migration speed along the magnetic field lines is greater than 90% of 
their forward speed. This contrasts markedly with the relatively slow migratory 
speed of chemotactic bacteria, which may only execute a random path along 
chemical concentration gradients (9). However, for magnetotaxis to be an effective 
orientation mechanism, the response rate of the organism to perturbations in the 
environment must be greater than the time interval necessary for the torque to orient 
the bacterium. Therefore, there may be an upper limit to the size of magnetotactic 
bacteria beyond which a magnetotactic response would not provide an efficient 
orientation mechanism (1).
Previous crystallographic investigations of the magnetosomes have 
principally relied upon HRTEM and selected-area diffraction techniques. Such 
studies have yielded detailed information on the crystallography, morphology and 
structural perfection of the magnetite inclusions, as well as on the orientation of the 
crystals with respect to each other and to the bacterium itself. HRTEM studies on A. 
magnetotacticum (6), a marine vibroid (8), coccoid species (15,16) and wild type 
(17) have shown that in all cases the magnetite inclusions are perfect single crystals 
displaying no dislocations. However, individual magnetosomes have been observed 
to exhibit twinning along (111) planes, as is characteristic of synthetic magnetites. 
Such twinning is not destructive to the magnetic single-domain structure since the 
easy axis of magnetisation is also [111] in magnetite (8).
Correlation of HRTEM data with low magnification studies on magnetite 
crystals has led to the proposal of four idealised species-dependant crystal 
morphologies (Figure 10.3). In forms 10.3b, c and d, discrimination is made within 
sets of symmetry related faces. For example, the morphology 10.3c displayed by 






















Figure 10.3: Characteristic morphologies of crystals found in magnetotactic bacteria 
(Adapted from (9))
(a) Aquaspirillum magnetotacticum and synthetic magnetite (b) Vibroid 
(c) Coccus (d) Wild type
200nm
Figure 10.4: Low magnification image of MV-2 showing some small crystals along 
course of magnetosome chain
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of the eight symmetry related {111} planes. Although the morphology and 
crystallography of magnetosomes is species-dependant, all of the crystals are 
truncated by {111} faces, which are in turn organised end-to-end within the chains 
of crystals. In addition, three of the four morphologies display hexagonal habits and 
all have ciystal forms based on combinations of {111}, {110} and {100} planes; no 
higher order faces are observed.
Study of the crystals of A. magnetotacticum at early stages of growth by 
HRTEM (6) and an investigation of cultured strains of the same bacterium by 
Mossbauer spectroscopy (12) have revealed the presence of a low density hydrous 
ferric oxide and a high density ferric oxide (ferrihydrite) in association with the 
magnetosomes. These poorly-ordered iron phases are considered to be precursors to 
magnetite precipitation (3,9). Control over the mineralisation process is probably 
achieved by the interaction of the developing nucleus with the encapsulating 
membrane. The enclosing vesicle appears to be formed prior to mineral 
precipitation and, although similar in composition to the other cell membranes, the 
magnetosome membrane contains two unique proteins which may play a pivotal role 
in the nucleation and growth of magnetite (18). The membrane may also act to limit 
the growth of the crystal to single domain size.
10.2; MICROSCOPIC STUDIES ON MAGNETOTACTIC BACTERIA
10.2.1: Source of Bacteria
Two magnetotactic bacterial strains were studied. The first, designated 
MV-2, is a vibroid to helical-shaped organism, isolated from water collected from 
the Pettaquamscutt Estuary, Rhode Island, USA. The organism is Gram-negative, is 
motile, and possesses a single polar flagellum. It appears identical to strain MV-1 
based on 16s RNA phylogenetic analysis (E.F. DeLong and D.A. Bazylinski, 
unpublished data). The second strain represents the first successful isolation of a 
coccoid magnetotactic bacterium in pure culture. The strain, designated MC-1, was 
also isolated from water collected from the Pettaquamscutt Estuary. Cells of this
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species are Gram-negative and are also highly motile, moving by means of two 
flagellar bundles. The organism is superficially similar to Bilophococcus 
magnetotacticus which has not yet been isolated in pure culture, but was described 
in some detail by Moench (19).
10.2.2: Growth Of Strains
Both magnetotactic strains were grown in semi-solid oxygen gradient 
cultures (D.A. Bazylinski, unpublished results) of two types. Cells of both strains 
were grown chemoautolithotrophically in a sulphide-oxygen double gradient, with 
sulphide as the energy source. Sodium bicarbonate was included in the growth 
medium as the sole carbon source. In addition, cells of strain MC-1 were also 
grown chemoheterotrophically in oxygen-gradient cultures with acetate as the 
energy and carbon source. Cells were grown until microaerophilic bands of cells 
formed at the aerobic-anaerobic interface, and were removed from cultures with 
sterile syringes.
10.2.3: TEM  and EPXA Studies
All microscopy was carried out at 200kV. Low magnification studies and 
EDXA was performed on intact bacteria. Data on crystal sizes and numbers were 
averaged over a population of one hundred bacteria for each bacterial species. 
Where necessary, the sample grids were treated with 1% hypochlorite solution prior 
to recording high resolution images, since the quantity of organic matter associated 
with some bacteria greatly reduced the image resolution. The hypochlorite 
treatment was achieved by placing the grid, sample side downwards, on a drop of 
the hypochlorite solution; after three minutes, the grid was picked up and excess 
solution was removed by drawing the grid over lint-free paper. On completion of 
the microscopic studies on MV-2, the grid was negatively stained with 4% 
methylamine tungsten solution in order to permit imaging of the organic matter 
composing the bacterium, and to show the spatial relationship of the magnetosome 
chain with respect to the bacterium.
Figure 10.5: Image of negatively stained MV-2
Figure 10.6: Micrograph of MV-2 showing twinned crystals
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10.2.4: HRTEM Studies
HRTEM images were recorded at a magnification of 500K. The lattice 
fringe spacings measured from micrographs were consistent with the values 
expected for magnetite; these were all corrected according to a calibration 
performed on the microscope using a gold foil at a magnification of 500K and a 
voltage of 200kV. The fringes successfully imaged, and the corresponding 
theoretical d-spacings for magnetite are summarised in Table 10.1.
Plane {111} {200} {220} {311} {400}
d value (A) 4.85 4.198 2.967 2.532 2.099
Table 10.1: Lattice plane spacings for magnetite
STRAIN MV-2
10.2.5: Low Magnification Studies
Individual bacteria displayed a single chain of anisometric magnetosomes 
(Figure 10.4), as was observed in studies on the cultured species MV-1 (8).
Negative staining of the bacterium allowed imaging of the organic matter 
composing the organism and thus permitted the position of the crystal chain relative 
to the bacterium to be ascertained. The magnetosomes were aligned along the long 
physical axis of the bacterium (Figure 10.5). Mature crystals appeared as truncated 
rectangles in cross-section, and were usually centrosymmetric (Figure 10.6). 
Evidence of twinning was seen in a number of crystals, with twinned magnetosomes 
appearing kinked, or showing diffraction contrast about an axis parallel to the end 
faces (Figure 10.6). The crystal size and frequency data is summarised in Table 
10.2, and is compared with the data previously determined for the cultured vibroid 
species MV-1 (8). Histograms of particle lengths and widths, together with a plot of 
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Figure 10.7a and b: Histograms of MV-2 crystal length (a) and width (b) 
Figure 10.8: Graph of crystal length against width for MV-2 
Figure 10.9: EDXA spectrum of MV-2
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Length 53 10.86 21-74
Width 35 7.86 12-54
Aspect Ratio 1.45 - -




Length 47.88 5.39 30-59
Width 25.82 7.25 28-40
Aspect Ratio 1.84 0.25 -
Table 10.2: Crystal size data for bacteria MV-1 and MV-2
graph of length against width shows that there exists a large range of widths for a 
given crystal length. Consequently, no valid comment on the change of aspect ratio 
with length can be made. It is notable that the immature crystals are not necessarily 
associated with the ends of the magnetosome chains as is almost always the case in 
the coccoid bacteria (Figure 10.4); there is a marked variation in crystal size along 
the crystal chains in the vibroid cells, while the size of the magnetosomes within the 
coccoid species tend to decrease smoothly towards the ends of the crystal chain. 
This suggests that the bacteria may be on the verge of dividing.
EDXA (Figure 10.9) showed peaks corresponding to Mg, Ni, Fe, P, S, Cl, 
Na, Ca, Si and K. The Fe peak was from the magnetosomes, the sample was
( I l l )
(no)
( I I I )










Figure 10.10: Lattice image of a MV-2 crystal displaying three sets o f fringes and




Figure 10.10: Lattice image o f a MV-2 crystal displaying three sets o f fringes and
lying in a <1I0> zone; (b) represents an enlargement o f the indicated area on (a).
5nm
Figure 10.11: Lattice image o f a MV-2 crystal showing four sets o f fringes and lying
in a < 110> zone; (b) represents an enlargement o f the indicated area on (a).
290
10nm
Figure 10.11: Lattice image o f a MV-2 crystal showing four sets o f fringes and lying
in a < 110> zone; (b) represents an enlargement o f the indicated area on (a).
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mounted on Ni TEM grids, and the other elements arose from either the organic 
matter forming the bacteria, or from the culture medium.
10.2.6: High Resolution Studies
Lattice images of the crystals routinely showed {111}, {220}, {200} and 
{311} fringes (Figures 10.10-10.15). All of the crystals successfully imaged were 
perfect and showed no dislocations or structural irregularities. The orientation of 
crystals could be unambiguously determined when they displayed at least two sets 
of lattice fringes; consequently, crystals with zone axes <01 (-1 )> were positively 
identified, as shown in Figures 10.10-10.13. On assumption of a <111> elongation, 
and indeed, in correlation with the idealised morphologies shown in Figure 10.3, 
certain crystals can reasonably be stated as lying in <211> zones (Figure 10.15). 
However, the <01(-1)> zone axis was the more common orientation, as would be 
expected on considering the idealised vibroid crystal morphology (Figure 10.3b); a 
magnetosome lies on a crystal face in the <01 (-1 )> orientation, but on an edge in the 
<(-2)11> orientation. A crystal will be inherently less stable while lying on an edge 
as compared with a face. All crystals for which a zone axis could be assigned 
showed an elongation along the <111> direction. The expressed faces were 
positively identified as {111},{110} and {100} types, due to their being parallel to 
{111}, {220} and {200} planes respectively (Figures 10.10-10.13). Figure 10.14 
shows the crystal edges viewed in projection to be lying parallel to {311} lattice 
fringes. However, since these fringes were only observed in one zone, it cannot be 
ascertained whether an edge or a face is being observed. No previous description of 
{311} crystal faces has been quoted in the literature. All of the crystals imaged 
showed well-defined faces, while the edges were generally less distinct.
High resolution images of immature crystals show the particular crystals 
imaged to have aspect ratios consistent with the mean value for the crystal 
population and to have notably rounded ends (Figures 10.15,10.16 and 10.17). At 
early stages of crystal growth, only the edges parallel to the elongation axis are 
well-defined; the truncations characteristic of mature vibroid magnetosomes
Figure 10.12: Lattice image of a crystal from MV-2, lying in a <110> zone and 











Figure 10.12: Lattice image of a crystal from MV-2, lying in a <110> zone and 
showing four sets of lattice fringes; (b) represents an enlargement of the indicated 
area on (a)
10  nm
Figure 10.13: Crystal from MV-2 lying in a < 110> zone and displaying three sets of
lattice fringes; (b) represents an enlargement of the indicated area on (a)
Figure 10.13: Crystal from MV-2 lying in a <110> zone and displaying three sets of 
lattice fringes; (b) represents an enlargement of the indicated area on (a)
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presumably develop on further crystal growth. On comparison of the crystal 
micrographs with the idealised crystal morphologies shown in Figure 10.3, it can be 
seen that the faces truncating the crystals are not consistent with Figure 10.3b which 
was described by Sparks et al. (8) as the idealised crystal morphology for MV-1. On 
the basis of Figure 10.3b, only the occurrence of {111} truncations would be 
predicted. Figures 10.10-10.13 show that combinations of {100} and {110} faces 
were also commonly observed. An impression of the typical morphology displayed 
by the crystals produced by strain MV-2 when grown in sulphide-oxygen gradient 
cultures is given in Figure 10.18. Major {100} truncations are displayed by the 
majority of magnetosomes (Figure 10.10 for instance), while the {110} truncations 
vary in importance, and are virtually absent on a number of crystals (for example 
Figure 10.11). These observations suggest that the crystal morphologies displayed 
by the vibroid and coccoid species are not as distinct as suggested previously (8,13). 
Both crystal types are associated with a <111> elongation and may typically show 
{111}, {110} and {100} truncations. The overall size, gross morphologies and 
relative importance of specific truncations is, however, species-dependant.
10.2.7: Discussion
MV-2 produces on average, considerably more crystals per bacterium than 
was described for MV-1 (8). The mean crystal dimensions are very similar for both 
bacteria, although the range of lengths and widths of magnetosomes is considerably 
greater for MV-1. The mean aspect ratio of the crystals in MV-2 is also notably 
larger than that for MV-1, although both vibroid species display aspect ratios which 
are greater than those reported for coccus bacteria. These observations suggest that 
the cells of strain MV-2 reviewed in this study were at a more advanced stage of 
development than the MV-1 bacteria analysed in earlier studies (8), or that these 
vibroid strains produce more magnetosomes in sulphide-oxygen growth medium 
than in the heterotrophic growth medium used in studies of strain MV-1 (7). That 
the relative sizes of the magnetosomes in each species are closely matched indicates 
that crystal growth is carefully regulated in both organisms.
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Figure 10.14: Crystal of MV-2 showing {311} fringes
Figure 10.15: Crystal of MV-2 showing {220} fringes, and probably lying in a [112] 
zone







Typical morphology of MV-2 lying in <011> zone
Figure 10.18: Schematic representation of the typical morphology of crystals 
produced by MV-2
500 nm
Figure 10.19: Low magnification image of MC-1 grown in sulphide gradient
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STRAIN M C I
MC-1 represents the first successful isolation of a coccoid species of 
magnetotactic bacteria in axenic culture. The crystals produced by MC-1 when 
grown in sulphide-oxygen and acetate-oxygen gradients were compared.
10.2.8: Low Magnification Studies
Low magnification studies of the coccoid cells grown in both 
sulphide-oxygen gradient and acetate-oxygen gradient media showed a linear chain 
of anisotropic magnetosomes associated with individual bacteria (Figure 10.19).
The bacteria developed in the acetate gradient appeared to be larger than those 
grown in the sulphide gradient. The mature crystals were viewed as truncated 
rectangles in projection, while the immature magnetosomes were smaller and 
approximately isotropic in morphology. The immature crystals were observed at 
one, or occasionally both ends of the crystal chain (Figures 10.20,10.21).
Histograms of crystal lengths and widths, and plots of crystal length versus 
width are shown in Figures 10.22 and 10.23 respectively. The statistics describing 
the magnetosome size distributions are given in Table 10.3. The bacteria grown in 
the acetate medium develop, on average, more magnetosomes per cell than do those 
in the sulphide culture, and the mean length and width of these magnetosomes is 
also greater. The acetate-medium bacteria also show a greater range of crystal 
numbers per bacterium. The smallest number of crystals observed in the cells from 
the acetate culture was eight as compared to six in the sulphide culture, while the 
upper limits were nineteen and fifteen respectively. The mean aspect ratio of the 
magnetosomes in cells from both culture media are comparable. However, whilst 
the much smaller aspect ratio of the crystals within the coccoid cells as compared 
with those of the vibroid bacteria appears as a function of the basic morphologies of 
the two species, it is also likely to reflect the morphology of the immature crystals. 
As the immature crystals in the coccoid bacteria are approximately isotropic in 
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Figure 10.22a and b: Histograms of crystal lengths (a) and widths (b) for MC-1 grown in acetate medium 
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Figure 10.23a and b: Graphs of crystal widths against lengths for MC-1 grown in acetate (a) and sulphide (b) media 
Figure 10.24a and b: EDXA spectra for MC-1 grown in acetate (a) and sulphide (b) media
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MC-1 
Sulphide Gradient Mean (nm)
Standard 
Deviation (nm) Range (nm)
Number Crystals 
per Bacterium 10 2.10 6-15
Length 72.37 11.36 33-95
Width 69.62 13.04 29-87
Aspect Ratio 1.15 0.22 -
MC-1 
Acetate Gradient Mean (nm)
Standard 
Deviation (nm) Range (nm)
Number Crystals 
per Bacterium 14 2.70 8-19
Length 82.63 14.04 30-110
Width 78.16 10.52 15-107
Aspect Ratio 1.17 0.13 -
Table 10.3: Crystal size data for MC-1 bacteria developed in sulphide 
and acetate media
crystal size, the presence of immature magnetosomes in the coccoid bacteria will 
weight their aspect ratio towards a smaller value. The plots of length against width 
for MC-1 grown in both acetate and sulphide growth media show a much smaller 
scatter of points than was observed for MV-2. No marked change in aspect ratio 
with length was noted for strain MC-1 grown in either medium. This is inconsistent 
with the high resolution studies which clearly show that the immature crystals in 
MC-1 are isotropic in morphology. However, this can readily be accounted for by 
noting that the dimensions of very small crystals were not recorded in the low 
magnification study which provided the numerical evaluation of the aspect ratio.
Twinned crystals were observed in both sulphide and acetate-grown cells, as 
recognised by a change in diffraction contrast across a {111} plane lying
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10nm -
Figure 10.25: Lattice image of crystal from MC-1 developed in a sulphide gradient,
showing three sets o f lattice fringes and lying in a < 0 l 1> zone; (b) represents an
enlargement o f the indicated area on (a).
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Figure 10.26: Lattice image of crystal from MC-1 developed in a sulphide gradient,
showing two sets of lattice fringes and lying in a <211> zone; (b) represents an
enlargement o f the indicated area on (a).
10 nm
Figure 10.27: Lattice image of crystal from MC-1 developed in a sulphide gradient, 
showing four sets of lattice fringes and lying in a <0l 1> zone; (b) represents an 
enlargement of the indicated area on (a).
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perpendicular to the <111> axis of elongation (Figures 10.20,10.21). In addition to 
twinning, growth faults were observed in some of the magnetosomes of the 
acetate-grown cells; large outgrowths occurred from the parent magnetosomes with 
a concomitant modification of the basic rectangular morphology of perfect 
magnetosomes (Figure 10.21). Through a comparison of the low magnification 
images, the crystals developed by the sulphide-grown cells can be seen to frequently 
display more marked truncations than do the acetate-grown cells. However, the 
crystals in the acetate medium grown cells tend to show a greater number of, albeit 
less well-defined truncations. The mature acetate-grown cells produce crystals 
which approximate to rectangles in cross section with minor truncations at the 
vertices; the bacteria cultured in the sulphide medium tend to show marked 
truncations and often rounded comers and ends. It is noteworthy that some mature 
crystals in the acetate-grown cells are almost perfect rectangles in projection. Thus, 
as the crystals grow they appear to lose the truncations which distinguished the 
developing magnetosomes. As has been noted previously in comparison of the 
magnetosomes produced by vibroid and coccoid bacteria, the crystals of strain MC-1 
are larger and show a less pronounced elongation than do the crystals of the vibroid 
species.
The EDXA spectra from cells of strain MC-1 are shown in Figure 10.24. As 
described for strain MV-2, the Fe peak comes from the magnetite crystals, the Ni is 
from the TEM grids and the remaining elements derive from organic component of 
the bacteria or the culture medium.
HIGH r e s o l u t io n  s t u d ie s
10^ 9 : Sulphide-Grown MC-1
The bacteria were imaged intact, and {200}, {400), {111}, (311) {220} 
fringes were observed (Figures 10.25-10.32). The faces positively identified were 
parallel to {111}, {220} and {200} planes. Although a number of approximately 
isotropic crystals were viewed (for example Figure 10.28), the majority of crystals
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Crystals from MC-1 grown in a sulphide gradient showing.
Figure 10.28: An approximately isotropic morphology
Figures 10.29: {311} fringes and a change in the contrast across the crys a
Figure 10.30: fading out of the fringes across the crystal
Figures 10.31 and 10.32: Immature crystals formed by MC-1 when grown in a 
sulphide gradient
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displayed an elongation. In all cases, elongation, occurred along a <111> direction. 
Crystals were observed in both <0(-1) 1 > and <(-2)11> zones (Figures 10.25 and 
10.26 respectively), with the <0(-1) 1 > being the more common. No dislocations 
were viewed in any of the crystals imaged. However, some crystals did show 
marked contrast variations (Figure 10.29), which can be related to macro-steps on 
the crystal surface, as opposed to discontinuities in the crystal lattice. Figure 10.30 
shows a crystal in which the lattice fringes fade out across its length. This is likely 
to be due to a change in crystal height and a corresponding alteration in the degree 
of underfocus required to image the crystal, as opposed to a loss of crystallinity.
A number of immature crystals were successfully imaged, examples of 
which are shown in Figures 10.31 and 10.32. Both crystals display isotropic 
morphologies and are basically circular in cross section. However, they also show 
some evidence of developing truncations and Figure 10.32 in particular shows well 
defined truncations on a crystal of diameter only 35nm. Both immature 
magnetosomes show multiple sets of fringes which define them as lying in <01(-1)> 
zones. It is interesting to note that although these crystals lie in identical zones they 
appear to be developing different combinations of {111), {100} and {110} faces. 
This is consistent with the truncations displayed by mature crystals, since, while all 
display a <111> elongation, the faces exhibited as truncations of the basic prism 
morphology vary in type and relative importance.
10.2.10: Acetate-Grown MC-1
As a consequence of the greater development of these bacteria as compared 
with those grown in the sulphide gradient, the sample grid was treated with 1% 
hypochlorite solution prior to imaging in order .to reduce the bulk of the organic 
material which would interfere with the HRTEM imaging process. However, 
despite hypochlorite treatment, fewer crystals displaying multiple sets of fringes 
were recorded as compared with the sulphide gradient grown cells. This loss in 
resolution may be a reflection of the increase in quantity of organic matter covering 
the crystals, or of the greater size of the crystals.
..
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figure 10.33: Lattice image of crystal from MC-1 developed in an acetate gradient,
showing three sets of lattice fringes and lying in a <01 T> zone; (b) represents an






figure 10.34: Lattice image of crystal from MC-1 developed in an acetate gradient,
showing three sets of lattice fringes and lying in a <011> zone; (b) represents an






Figure 10.35: Lattice image of crystal from MC-1 developed in an acetate gradient,
showing four sets of lattice fringes and lying in a <011> zone; (b) represents an
^Bargement o f the indicated area on (a).
■
i ■- e  • ' *'**' »5nm *
------------------
Figure 10.36: Lattice image of crystal from MC-1 developed in an acetate gradient,
showing two sets o f lattice fringes and lying in a < 211> zone; (b) represents an
enlargement o f the indicated area on (a).
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HRTEM studies identified {111}, {311}, {220} and {200} fringes, and 
crystal edges parallel to all these planes were observed (Figures 10.33-10.36). As 
stated in the description of the MV-2 bacterium, the occurrence of {311} planes 
parallel to crystal edges in only one zone precludes the identification of an edge or a 
face viewed in projection. Crystals were imaged mainly in the <01(-1)> zone, but a 
number of crystals lying in the <11(-2)> zone were also noted (for example Figure 
10.36). All observed elongations were in the <111> direction. A number of 
isotropic crystals showing no elongation were recorded (Figure 10.38) as was one 
which showed a cubo-octahedral geometry consistent with synthetic magnetite 
(Figure 10.39). Also, one very small magnetosome of diameter approximately 15nm 
was successfully imaged (Figure 10.40). This image shows that it is entirely 
isotropic and that there is no real evidence for truncations at such an early stage of 
growth. This is consistent with the observations made on the immature crystals of 
sulphide-grown cells.
The typical morphology of magnetosomes developed by cells of strain MC-1 
grown in both gradients is compared in Figure 10.37. The cells showed similar 
patterns of truncations but, in general, while the truncations exhibited by the 
magnetosomes in sulphide-grown cells were larger than those of the crystals in 
acetate-grown cells, the latter were bounded by a larger number of smaller faces 
which generated a more rounded outline. Thus, the crystals of the sulphide media 
cells tended to approximate quite closely to the idealised crystal morphology of 
coccoid cells (Figure 3c), while those of acetate media cells frequently showed 
additional {111} truncations. The typical morphology of the crystals of 
acetate-grown cells appears to be less controlled than that of the sulphide-grown 
cells.
10.2.11; Discussion
The data obtained from low magnification studies, coupled with the 
morphological information gained from HRTEM suggest that the crystals developed 

















Comparison of Morphologies Displayed by Coccus Bacteria Grown 
in Acetate and Sulphide Gradients, Lying in <011> Zones
Figure 10.37: Schematic diagram of typical morphologies of crystals formed in 
MC-1




Crystals from MC-1 developed in an acetate gradient, showing:
Figure 10.39: A morphology comparable to that of synthetic magnetite 
Figure 10.40: An HRTEM image of an immature crystal 
Figure 10.41: An approximately rectangular morphology
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the sulphide gradient. As stated above, the morphology of the acetate-grown 
magnetosomes appears less well-defined than does that of the sulphide-grown 
magnetosomes, suggesting that the growth process was not as controlled in these 
organisms. The truncations on the crystals of acetate-grown cells are less distinct 
than those on the crystals produced by sulphide-grown cells, and thus the ends of the 
magnetosomes in the former cells appear more rounded. This would imply that 
kinetic rather than thermodynamic constraints are comparatively more important in 
defining the growth of cells in the acetate as compared with the sulphide medium 
(see later argument). Indeed, rapidly precipitated synthetic magnetites show an 
approximately spherical morphology and roughened faces (17). This is exemplified 
by the small, irregular and crystallographically ill-defined magnetite particles 
produced by bacterial strain GS-15 (8). This dissimilatory, non-magnetotactic, 
iron-reducing bacterium induces the precipitation of extracellular magnetite under 
anaerobic conditions. The minimal control imposed on the mineralisation process at 
external as opposed to internal cellular sites results in magnetite crystals which are 
structurally and morphologically indistinct. Defined crystal faces are produced 
under conditions in which thermodynamic criteria favour the development of low 
energy faces. The larger mean number of crystals per bacterium and the larger mean 
dimensions of the crystals in the acetate-grown cells also suggests that the 
magnetosomes may grow faster in these cells, as does the appearance of growth 
faults in some of these crystals. This rapid growth is perhaps best illustrated by the 
morphology of the crystal shown in Figure 10.41; growth has occurred such that the 
truncations have been almost entirely lost. However, despite the argument that the 
development of the crystals in the acetate medium cells is less controlled than those 
of the sulphide-grown crystals, the bacterium must influence magnetosome 
development in order to produce a <111> elongation. Such an elongation breaks the 
symmetry suggested by the magnetite point group Fd3m, and thus necessarily results 
from the growth environment provided by the bacterium. The development of a 
unique axis results in a morphology which possesses a symmetry inconsistent with 
that of the crystal lattice.
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10.3: DISCUSSION
Previous studies of the magnetite crystals produced by coccoid 
magnetotactic bacteria resulted in the proposal of Figure 10.3c as the idealised 
crystal morphology (15). Consequently, only {110} and {100} faces would be 
predicted as truncations of the observed rectangular projection. However, in this 
study, combinations of {111}, {110} and {100} faces as truncations have been 
identified on magnetite crystals produced by cells of strain MC-1 grown in acetate 
and sulphide-oxygen-gradient medium. The same faces were expressed on the 
crystals grown by strain MV-2, although to varying relative importance. In general, 
the {111} truncations are less prevalent on the crystals of strain MC-1 as compared 
with those of strain MV-2, while the {110} faces are more marked on the coccoid 
species. Indeed, magnetosomes of strain MC-1 appear to approximate more closely 
to their idealised morphology than do those of strain MV-2. Thus, as was stated in 
the description of the MV-2 magnetosomes, the data does not support the 
assignment of two distinct morphologies associated with a <111> elongation. The 
vibroid and coccoid species exhibit a hybrid morphology based upon the idealised 
morphologies depicted in Figures 10.3b and 10.3c respectively. Both bacterial 
species influence crystal growth along a unique <111> axis, but vary in the degree 
of control which is exercised over the crystals with respect to size and morphology.
The morphology of early coccus crystals is markedly different from the 
immature crystals viewed in "Wild Type" and A. magnetotacticwn cells (6,17). The 
magnetosomes produced by Wild Type cells developed from cubo-octahedral 
crystallites, with this morphology being apparent in crystals as small as 15nm.
Thus, a definite geometry is displayed at earlier stages of crystal growth in the wild 
type as compared to strain MC-1 cells. Importantly, the immature crystallites in 
strain MC-1 do not conform to a cubo-octahedral morphology. The bacteria act to 
control crystal morphology even at the early stages of crystal growth, as indicated by 
the exhibition of {110} faces which are not observed in synthetic magnetites.
The apparently spherical morphology of immature crystals of strain MC-1 is
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characteristic of crystals grown under a kinetic regime; thermodynamic control 
results in the presence of low energy faces. The initial stages of growth of the 
magnetosome nuclei thus appears to be rapid and results in a crystal morphology 
consistent with kinetic control. Further crystal development is slower and 
thermodynamic selection of crystal faces occurs. Such an argument, which invokes 
a change from kinetic to thermodynamic control as crystal growth proceeds is 
reasonable since, if crystal development is induced by a flux of ions into the vesicle 
encapsulating the nascent crystal, then at a constant flux rate, the crystal growth rate 
will necessarily decrease with increasing crystal size, and the kinetic influence on 
crystal morphology will become correspondingly less important.
The growth mechanism of the magnetosomes in sulphide-grown cells of 
strain MV-2 appears to vary from those of strain MC-1. There is no evidence in 
MV-2, as was the case with MV-1, of an early isotropic growth phase. Indeed, the 
plot of crystal lengths against widths given in Figure 10.8 demonstrates that the 
immature crystals show an aspect ratio comparable to that of the mature crystals. 
Thus, the vibroid cells influence crystal growth in a different way than do the 
coccoid bacteria, although both induce a <111> elongation and cause exhibition of 
combinations of {111}, {110} and {100} faces. In addition, the vibroid cells appear 
to influence development of the magnetosomes at a much earlier stage of crystal 
growth than do the coccoid cells. It was previously argued that the isotropic form of 
immature crystals in strain MC-1 arose due to their initial rapid growth, and that 
defined faces developed under conditions of slower growth. That the ends of the 
immature crystals of strain MV-2 appeared rounded suggests that growth was also 
occurring rapidly in the early post-nucleation stage in these crystals, although much 
more rapidly in one unique <111> direction.
Biological control over crystal growth has been considered to derive from 
three mechanisms, namely chemical regulation, interaction with the organic 
interface and spatial control of the growth volume (3,9,15). Chemical regulation 
results from the controlled transport of specific ions across the vesicle membrane via 
ion-selective pumps, with the result that the species and relative concentrations of
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ions within the vesicle may be regulated. Indeed, certain ions, such as P 0 43‘, 
interact with specific magnetite faces, and may thus influence crystal morphology 
(20). The symmetry of ion pumps has also been considered to affect the final 
morphology of a magnetosome; an ion pump with three-fold symmetry may result in 
the formation of an hexagonal habit (9). The site-directed flux of ions or growth 
modifiers into the vesicular compartment may favour the growth of one set of faces 
over another (21). Such mechanisms are operative in the calcifying bacterium 
Bacterionema matruchotii, in which an ion-translocating proteolipid capable of 
initiating membrane-mediated calcium phosphate deposition has been isolated (22). 
That an organic interface may exert control over crystal nucleation and growth is 
illustrated by the experimental observation that Langmuir monolayers can influence 
the development of crystals (23). Finally, the gross morphology of the vesicle 
enclosing the nascent crystal, which is imposed by the cytoskeletal framework of the 
cell, has long been recognised as potentially important in the control over growth of 
biominerals (15).
The importance of the chemical composition of the vesicular membrane in 
defining crystal nucleation and growth has been highlighted in a recent study of the 
membranes enclosing the crystals synthesised by A. magnetotacticwn. The presence 
of two proteins unique to the envelopes of purified magnetosomes has been reported 
for this organism (18). The specific function of these proteins has been discussed in 
terms of the accumulation and supersaturation of iron within the vesicles, the 
oxidation of iron, and the reduction and dehydration of a ferrihydrite precursor. The 
presence of "empty" vesicles, possessing trilaminate membranes and having the 
dimensional and spatial characteristics of magnetosomes, have also been noted in 
cells of A. magnetotacticum grown in an iron-poor medium (1). These observations 
lend credence to the suggestion that the production of intracellular vesicles is a 
prerequisite to magnetite biomineralisation in this organism.
321
10.4: REFERENCES
1, Blakemore R.P. (1982) Ann. Rev. Microbiol. 36, 217-238.
2, Lins de Barros H.G.P., Esquivel D.M.S. (1985) "Magnetite Biomineralisation 
and Magnetoreception in Organisms" p289-309, Ed: Kirschvink J., Jones D., 
MacFadden B., Plenum Press New York.
3, Mann S., Sparks N.H.C., Board R.G. (1991) "Advances in Microbial Physiology" 
pl25-181,31, Eds: Rose A.H., Tempest D.W., Academic Press.
4, Spormann A.M., Wolfe R.S. (1984) FEMS Microbiol. Letts. 22, 171-177.
5, Blakemore R.P., Short K.A., Bazylinski D.A., Rosenblatt C., Frankel R.B. (1985) 
Geomicrobiol. J. 4(1), 53-71.
6, Mann S., Frankel R.B., Blakemore R.P. (1984) Nature 310,405-407.
7, Bazylinski D.A., Frankel R.B., Jannasch H.W. (1988) Nature 334, 518-519.
8, Sparks N.H.C., Mann S., Bazylinski D.A., Lovely D.R., Jannasch H.W., Frankel 
R.B. (1990) Earth Plan. Sci. Letts. 98,14-22.
9, Mann S., Frankel R.B. (1989) "Biomineralization- Chemical and Biochemical 
Perspectives" p389-426, Eds: Mann S., Webb J., Williams R.J.P., Pub: VCH, 
Wenheim.
10, Heywood B.R., Frankel R.B., Mann S. (1990) Naturw. 77, 536-538.
11, Mann S., Sparks N.H.C., Frankel R.B., Bazylinski D.A., Jannasch H.W. (1990) 
Nature 343,258-261.
322
12, Frankel R.B., Papaefthymiou G.C., Blakemore R.P., O’Brien W. (1983) 
Biochim. Biophys. Acta. 763,147-159.
13, Blakemore R.P., Frankel R.B. (1981) Sci. Am. Dec., 42-49.
14, Blakemore R.P., Maratea D., Wolfe R.S. (1979) J. Bacteriol. 140,720-729.
15, Mann S., Moench T.T., Williams RJ.P. (1984) Proc. R. Soc. Lond. B 221, 
385-393.
16, Matsuda T., Endo J., Osakabe N., Tonomura A., Arii T. (1983) Nature 302(31), 
411-412.
17, Mann S., Sparks N.H.C., Blakemore R.P. (1987) Proc. R. Soc. Lond. B 231, 
477-487.
18, Gorby Y.A., Beveridge T.J., Blakemore R.P. (1988) J. Bacteriol. 170, 834-841.
19, Moench T.T. (1988) Ant. van Leeuwehoek 54,483-496.
20, Mann S., Sparks N.H.C., Couling S.B., Larcombe M.C., (1989) J. Chem. Soc. 
Faraday Trans. 1 85(9), 3033-3044.
21, Heywood B.R., Mann S., Frankel R.B. (1991) Mat. Res. Soc. Symp. Proc. 218, 
93-108.
22, Swain L.D., Boyan B.D. (1988) J. Dent. Res. 67, 526-530.
















Figure 11.1: Diagramic representation of a simple asconoid sponge
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11.1: SPONGE BIOLOGY
An investigation into iron biomineralisation in the Poriferan Ircinia oros was 
carried out. It is well recognised that Porifera are active in the biomineralisation of 
calcium carbonate and silica, and that they can produce beautiful and intricate 
skeletons (1-3). A number of species additionally influence the precipitation of an 
iron oxide mineral, although there is some debate as to whether this represents a true 
biomineralisation event, or a fortuitous accumulation of the salt. Consequently, a 
sample of the species Ircinia oros which was known to contain iron was 
investigated, with a view to elucidating the process of iron biomineralisation 
occurring in this organism. The percentage of iron in the sample was determined by 
atomic absorption spectroscopy and the phase of iron oxide present was elucidated 
using X-ray diffraction (XRD), electron diffraction and Mossbauer spectroscopy. 
Optical microscopy, scanning electron microscopy (SEM), and transmission 
electron microscopy (TEM) were utilised to provide information on the crystal size 
and morphology, and to determine the relationship between the mineral phase and 
surrounding sponge matrix at increasing degrees of magnification. Elemental 
analysis was also carried out in conjunction with SEM and TEM techniques.
Studies showed that the phase of iron oxide present was lepidocrocite, and 
that the crystals were associated specifically with the fibres comprising the sponge 
skeleton. Evidence was obtained to suggest that this was a direct consequence of 
specific biomineralisation processes.
11.1.1: Function and Organisation
Sponges are sedentary, filter-feeding organisms. They function by pumping 
a high volume of water through their tissues at low pressure, and consequently, the 
body of the organism forms an elaborate system of pores, ostia, canals and chambers 
which conduct water from inhalant to exhalant apertures. A schematic 
representation of a simple asconoid (vase-like) sponge, identifying the principal 
structural components is given in Figure 11.1. The structure of such a sponge is
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Figure 11.3: Schematic representation of asconoid, syconoid and leuconoid sponges 
(Adapted from (2))
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organised around an interior cavity termed the spongocoel, which opens apically by 
a single osculum. The spongocoel is lined by flagellated choanocytes (Figure 11.2) 
which are the cells which regulate water flow; this lining of cells constitutes the 
choanoderm. The outer surface of the sponge, the pinacoderm, comprises a 
unicellular layer of pinacocytes which may in turn be perforated by specialised 
pinacocyte cells termed porocytes. These cells roll to form cylindrical canals, which 
link the choanoderm and pinacoderm, and permit fluid flow from the external 
medium to the internal choanocyte layer. The connective tissue separating the 
choanoderm and pinacoderm provides the structural framework of the organism, and 
is termed the mesohyl. Considerable diversity is displayed between species in the 
structure of the mesohyl, and on this basis, Porifera have been organised into four 
classes: Calcarea, Hexactinellida, Demospongiae and Sclerospongiae.
Asconoid sponges are small, and typically do not exceed more than a few 
centimetres in height (2) (Figure 11.3a). The basic structure of these sponges 
necessarily limits their potential growth. On increase in the volume of the 
spongocoel, the area of the flagellated surface does not increase proportionally and 
the pumping efficiency is restricted. Diversification from this basic structure is 
achieved by a folding of the pinacoderm and choanoderm surfaces. This increases 
the effective area of the flagellated surface and produces a syconoid type of 
organisation (Figure 11.3b). In an elementary syconoid condition, little thickening 
of the mesohyl occurs and the inward flow of water may still be achieved via 
porocytes directly connecting the inner and outer surfaces. With greater 
specialisation, the mesohyl thickens and the resulting physical separation of the 
inhalant surfaces and choanocyte chambers necessitates the development of an 
inhalant system. Yet further folding of the choanoderm generates a complex system 
of inhalant and exhalant canals which characterises the leuconoid grade of 
organisation (Figure 11.3c). The development of such a complex network of 
flagellated chambers greatly increases the effective surface area of the choanoderm. 




Sponges are considered to pump water by two mechanisms. Although water 
is primarily driven from the inhalant to exhalant canals via the beating of flagella 
lining the choanoderm (2,3), the morphology of the entire sponge may also have 
evolved such that it utilises pressure differentials between ostia and oscules to 
induce flow (3,4). The motion of the flagella themselves is random, and thus their 
movement in isolation does not result in directioned water flow. In simple asconoid 
sponges, flagella movement causes the choanocyte cells to thrust against the 
spongocoel wall, resulting in its expansion. The induced tension in the atrium wall 
forces water to exit via the oscule. Water moves out of the oscule rather than other 
pores (such as the traditional entrance channels) since it is the path providing least 
resistance to motion. Concomitandy, the beating flagella draw water through the 
inhalant canals. Although the passage of water through syconoid and leuconoid 
sponges is necessarily more complex than in asconoid sponges, it can be envisaged 
that similar pumping mechanisms would be operative in these systems. It has also 
been experimentally shown that water flow in Porifera may be driven by pressure 
differentials between the entrance and exit channels. An increase in the velocity of 
current around a sponge can be mirrored by an increase in the rate of passage of 
water through the organism. Porifera also frequently exhibit morphologies tailored 
to the optimum use of water flow, as exemplified by the growth of taller sponges on 
surfaces experiencing rapid flow, and smaller, more rounded species under 
conditions of slower flow.
11.1.3: The Sponge Skeleton
Porifera exhibit great diversity in the structure of their skeletons, and 
consequendy, the fundamental divisions in classification are based on skeletal 
composition and structure. Two types of skeletal component occur in sponges, 
namely the organic fraction which is formed from collagen fibres, and the inorganic 
component which may be based on either silicaceous or calcareous spicules. Each 
material provides a unique form of structural support, with the mineral skeleton
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providing a rigid framework and tlhe organic fraction exhibiting tough and elastic 
properties. Thus, optimisation of skeletal properties may be achieved through dual 
exploitation of the complementary and contrasting properties of the inorganic and 
organic materials.
Collagenous Skeleton
Two major types of collagen occur: dispersed fibrillar collagen, which is 
utilised by all Porifera, and spongin, which is unique to Porifera and whose structure 
and composition is species-dependant.
Fibrillar Collagen
Fibrillar collagen constitutes the only skeletal material universally found in 
sponges, and forms fibrils which may be classified as either smooth or rough. Both 
classes of fibrils exhibit diameters of approximately 20nm, although the two forms 
tend to be taxonomically distinct. Smooth fibrils are frequently arranged into tight 
bundles, while the rough fibrils, which also possess repetitive thickenings spaced at 
22-25nm, do not generally form organised bundles. The quantity and location of 
fibrillar collagen is species-dependant.
Spongin
Also a type of collagen, spongin is unique to Porifera and forms a variety of 
skeletal features, including fibres, spicules and filaments. All of these structures are 
fibrillar in nature, and are formed from microfibrils of approximately lOnm in 
diameter.
Spongin Fibres
Spongin fibres are large structures which form complex networks in many 
sponges, and can often attain a thickness of up to a few millimetres. Indeed, the 
thickness is such that silicaceous spicules (megascleres) or foreign particles may 
also be incorporated within the fibres. Homy (keratose) sponges, of which Ircinia
Figure 11.4: Schematic representation of the cross section through a spongin 
filament (From Reference (9))
Figure 11.5: Examples of morphologies of megascleres (a) and microscleres (b) 
(From Reference (1))
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oros is an example, have skeletons based on organic media only. The spongin fibres 
in these species may be present as single or branching fibres, and can also form an 
anastomosed network.
Spongin Filaments
In addition to displaying a skeleton based on collagen fibrils and spongin 
fibres, two types of homy sponges, Ircinia and Sarcotragies also produce spongin 
filaments which are dispersed through the mesohyl (1,3). Analysis has shown these 
filaments to be very similar in composition to spongin fibres. Such filaments are up 
to 8mm long, can be up to 10pm wide, and terminate in a knob. The cross-section 
of these filaments comprises three layers (Figure 11.4): an outer, dense, 
carbohydrate-containing cuticle, a central axial thread, and between these, a cylinder 
of uniform material. The central axis is formed from bundles of microfibrils 5-7nm 
in diameter which are twisted in a helical fashion. In larger filaments, the 
microfibrils are wound around a central more dense core, while in smaller fibrils 
they are arranged in a linear fashion.
Mineral Skeleton
Some species of Porifera possess inorganic skeletons developed from calcite, 
aragonite or silica structures; scales, spicules, massive skeletons and granules may 
be formed (5). The most common type of inorganic skeleton is based upon 
individual spicules which are classified as either megascleres or microscleres 
according to their size, morphology and location in the sponge (Figure 11.5). The 
megascleres skeleton acts in combination with spongin fibre to maintain the gross 
morphology of the sponge. Microscleres are present in large sponges to offer 
structural support to canal surfaces and surface membranes. As well as forming 
discrete units, megascleres can also fuse to give complex networks consisting of 
organised and oriented layers. Microscleres rarely form fused units since their 
primary function is to act as packing between large spicules, or as reinforcement for 
delicate surfaces. The size, morphology and composition of spicules is
332
species-dependant, and is an important basis for the classification of sponges. 
Calcareous sponge spicules are single magnesium calcite (magnesian calcite) 
crystals and grow within a thin elastic sheath, around which are deposited collagen 
fibres (5). No evidence has been obtained for the presence of organic matter within 
the spicule substance. In contrast, silicaceous spicules contain an organic axial 
filament around which are deposited layers of amorphous, opalic, hydrated silica. 
When fully developed, they are enveloped by a loosely-bound spongin or fibrous 
matrix (5). The massive calcareous skeletons of Porifera are polycrystalline, 
consisting of needles of calcite or aragonite, embedded in an organic fibrillar matrix 
(5). In general, only one mineral is employed by a given species to generate its 
inorganic skeleton. However, a few exceptions occur amongst Sclerospongiae, 
which possess a main skeleton of calcite or aragonite together with silicaceous 
spicules. Nevertheless, for a particular species, spicules are only formed and fused 
together by one mineral (5), and it is rare to find aragonite structures precipitated 
alongside calcite.
11.1.4: Iron Biomineralisation
Biomineralisation in sponges mainly expresses itself in the form of calcium 
carbonate and silica structures. However, that certain species of homy sponges are 
also active in the deposition of iron minerals has also been recognised for some 
time. Indeed, the presence of iron in Porifera was identified as early as 1706 (6). 
Iron biomineralisation has been studied in a number of species of Porifera (7-10). 
The iron oxide phase in all species investigated was identified as lepidocrocite 
(y-FeOOH).
Towe and Rutzler (7) studied iron deposition in the keratose sponges Ircinia 
fasciculata, Spongia graminea and Spongia officinalis. The iron mineral in all was 
very pure lepidocrocite, which was present as platy lath-shaped crystallites, 
organised into spherical granules. The majority of crystals were also 
membrane-bound. On the basis of the monomineralic nature of the granules in 
several species from different geographic locations, and from a review of the
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location o f the crystals within the sponge, it was concluded that the granules 
represented the product of biomineralisation. Further investigation of iron 
mineralisation in Spongia officinalis by Vacelet et al. (10), indicated that small 
quantities of goethite and calcite were associated with the lepidocrocite crystals. 
Examination of the fibre ultrastructure suggested that there was some correlation of 
the iron oxide crystals with the microfibrils comprising the spongin fibres, and that 
the quantity of iron present was age and habitat dependant. These studies 
demonstrated that lepidocrocite was precipitated in association with the spongin 
fibres characteristic of keratose sponges. Garrone et al. (9) showed that in the 
species Ircinia variablis, crystals were present in both spongin fibres and the 
spongin filaments of the Ircinia genus.
11.2: AIMS OF STUDY
The purpose of the present study was to investigate the processes involved in 
iron biomineralisation in the keratose sponge Ircinia oros. It was desired to fully 
describe the size, morphology, phase and ultrastructure of the iron oxide crystals, 
and to determine their correlation with the organic matrix of the sponge. Previous 
investigations of a number of species of Porifera (7-10) have demonstrated that the 
phase of iron oxide deposited was lepidocrocite. Lepidocrocite constitutes an 
uncommon form of biomineralisation, having only previously been identified as a 
minor phase in chiton teeth (Chapter 9 Section 9.1.2). Thus, by investigating the 
relationship of the iron oxide crystals with the sponge matrix, it was aimed to gain 
an understanding of the factors governing the deposition of lepidocrocite in Porifera.
This study represents the first description of iron biomineralisation in the 
Poriferan Ircinia oros.
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11.3: EXPERIM ENTAL ANALYSIS
The sample was a gift of Dr. Shirley Stone of the British Natural History 
Museum, and was supplied in a preservative solution of composition 70% alcohol.
11.3.1: Atomic Absorption Analysis 
Method
A portion of the sponge was analysed in order to determine the quantity of 
iron present, as a percentage of the dry mass of the sponge body. The sample was 
washed thoroughly with distilled water to remove the majority of the preservative 
solution, and was then freeze-dried. The dried sponge sample was then weighed, 
prior to dissolution in an aliquot of 1:1 concentrated H2S04 to concentrated HN03 
solution. Atomic absorption analysis was performed on the resulting solution to 
determine the quantity of dissolved iron.
Results
The analysis showed that Fe was present in the sponge as 3.3wt% of the dry
weight.
The concentration of Fe present in a number of species of Porifera has been 
determined, and was shown to alter according to the sponge habitat (Table 11.1). 
Junqua et al. (11) demonstrated that the iron content of the fibres can vary 
considerably between different organisms of the same species, and indeed is also 
typically higher in the internal, and thus more mature parts of the sponge body. 
Verdenal et al. (8) measured the iron content of Spongia officinalis as a function of 
its habitat, and showed that the mean level was significantly higher in polluted, as 
compared with pure water. Thus, the 3.3% Fe level measured in this study is 
consistent with the published literature. However, since only a small portion of 
sponge was supplied for analysis, further consideration of the iron content in relation 
to the age and habitat of the sponge could not be made.
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Sampled over different 
organisms of the same 
species
Cacospongia scalaris 0.15 10
Spongia officinalis 0.42 -10.75
Sampled as a function 
of differing habitat
8
Ircinia oros 3.3 This Study
Table 11.1: Summary of iron content of a number of species of Porifera
11.3.2: X-Ray Diffraction 
Method
A portion of the sponge was freeze-dried as described in Section 11.3.1. A 
small quantity was then mounted intact for XRD Analysis, and the spectrum was 
obtained using CuK^ radiation (X=1.5404A).
Results
experimental












Table 11.2: Identification of XRD pattern from sponge as calcite
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Figure 11.6: Optical micrographs of sponge fibres. A terminal bulb, indicative of a 
spongin filament, is arrowed.
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Analysis of the powder diffraction photo obtained showed that the diffracting 
mineral was calcite (Table 11.2). Ircinia falls into the category of homy (keratose) 
sponges which rely on large quantities of spongin, as opposed to inorganic materials 
as skeletal support (3), which suggests that the calcite identified did not derive from 
spicules inherent in the sample. However, it may result from foreign particles which 
can embed in the spongin fibres of such Porifera. Vacelet et al. (10) also identified 
calcite in Spongia officinalis, and showed by scanning EDX analysis that significant 
quantities of calcite were bound to the lepidocrocite granules. That the iron mineral 
could not be identified from this technique suggests that it is present in too low 
concentrations to contribute to the powder pattern.
11.3.3: Optical Microscopy
The relatively large size of both the filaments and the iron oxide crystals 
enabled optical microscopy to be used as a preliminary method for ascertaining the 
location of the crystals within the sponge. The iron oxide granules were readily 
viewed by this technique as a consequence of their distinctive orange/brown colour.
Method
Prior to viewing by optical microscopy, a portion of the sponge was gently 
homogenised in order to reduce it to its constituent fibres. These fibres were then 
viewed using a Zeiss optical microscope at a range of magnifications.
Results
The images displayed in Figure 11.6 clearly show orange/brown crystals 
associated with the sponge fibres. The fibres can be estimated to vary in thickness 
from 3-10 pm, and the iron crystals are approximately 3-4 pm in diameter. The 
images do not provide information on the exact nature of the crystal/fibre 
association. The crystals may be either external to, or partially embedded in the 
fibres. The size and morphology of these fibres suggests that they are either spongin 
fibres, or the spongin filaments characteristic of Ircinia sponges. As discussed in
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Figure 11.7: Scanning electron micrographs of a cross section through the sponge. 
A spongin fibre, as recognised by its characteristic large diameter is arrowed.
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Section 11.1.3, both forms of spongin can exhibit diameters in the size range 
observed. Those fibres exhibiting a terminal bulb (arrowed in Figure 11.6a) may be 
positively identified as spongin filaments, while fibres of cross-section in the order 
of a few millimetres are spongin fibres. In the absence of such distinctive 
morphological characteristics, classification of the fibres can only be made on the 
basis of thin-sectioning techniques; spongin fibres and filaments exhibit different 
internal structures (a detailed discussion in given in Section 11.3.7). The images 
also show that there is a marked variation in the degree of mineralisation of the 
fibres. Some fibres are encrusted with crystals, while others remain almost entirely 
naked. Figure 11.6c shows that this can not be a direct function of the fibre 
diameters, since fibres of similar dimension can display very different degrees of 
mineralisation.
11.3.4: Scanning Electron Microscopy (SEM)
Filaments were examined by SEM both in situ in the sponge, and subsequent 
to separation. The technique permitted analysis of a cross section through the 
sponge, and enabled fairly accurate measurement of the filament and crystal sizes.
Method
In order to examine the sponge in cross-section, the sample was frozen in 
liquid nitrogen and was then freeze-fractured, so as to produce a section exhibiting 
the least perturbation of true structure. Fibres were also prepared for examination as 
described in Section 11.3.3. Samples prepared by both methods were mounted for 
analysis on Al SEM stubs coated with double-sided Sellotape. Electrical 
conductivity between sample and stub was enhanced by painting carbon-dag around 
the Sellotape strip. The entire sample was then sputter-coated with a thin layer of 
gold to minimise charging effects.
Results
Examination of the cross-section showed the fibrous structure of the mesohyl
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Figure 11.8: Scanning electron micrographs of isolated fibres.
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(Figure 11.7). Although the majority of fibres were seen to have similar diameters, 
a number of much larger fibres were also observed (arrowed in Figure 11.7). The 
images of the isolated fibres (Figure 11.8) were consistent with those obtained by 
optical microscopy, in that the diameters of the fibres and crystals fell in the ranges
3-10pm and 2-5jxm respectively. Figure 11.8b shows a branching fibre of larger 
diameter, demonstrating conclusively that this is a spongin fibre as opposed to a 
spongin filament. Again, as was noted in the optical images, while some fibres were 
covered with crystals, others remained unmineralised. In common with the optical 
microscopy, the scanning images failed to elucidate the nature of the association 
between the crystals and the fibres. While some granules appeared simply to be 
adhering to the fibres, others seemed to be more intimately associated with the 
sponge matrix.
11.3.5: Elemental Analysis
Elemental dispersive X-ray analysis (EDXA) was carried out in order to 
verify that the sponge sample contained iron. Figure 11.9a shows a "control" 
spectrum from the Al stub and Sellotape alone, and may be compared with Figure 
11.9b which shows the spectrum from a gold-coated sponge sample. The spectra 
demonstrate that iron is only present in the sponge.
Elemental distribution maps were plotted for coated sponge specimens, and 
secondary electron images and EDXA spectra were taken of the same areas. Such 
maps locate the areas in which the elements of interest are concentrated. Figure 
11.10a shows elemental distribution maps analysing for gold, calcium and iron, and 
a secondary electron image of the corresponding area is given in Figure 11.10b. The 
even distribution of gold over the sample indicates that topological effects are not 
responsible for apparent variations in elemental concentrations. The iron 
distribution map clearly shows that the nodules present on the sponge fibres are 
iron-containing. Figure 11.9c shows an EDXA spectrum obtained from the 
investigated fibre alone, recorded by the "spot analysis" technique. The spectrum 












Figure 11.9: EDXA spectra of (a) "control" sample comprising Sellotape mounted 








Figure 11.9c: EDXA spectrum of iron-rich fibre shown in Figures 11.10a and b, 
obtained by the "spot analysis" technique.
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Figure 11.10: (a) Elemental distribution maps of sponge fibres, analysing for Ca, Au 
and Fe, and (b) scanning electron image of the corresponding area
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background level of the entire sponge matrix, as was recorded in Figure 11.9b.
Some association of calcium with the sponge fibres is also observed, and it is 
notable that the areas of concentrated calcium correlate with the sponge fibres as 
opposed to iron crystals.
Transmission Electron Microscopy
Transmission electron microscopy was performed in order to further 
investigate the iron oxide granules, and to identify their association with the sponge 
fibres. Concomitantly, electron diffraction was used to identify the phase of iron 
oxide present, and to determine the degree of crystallinity of the particles. A portion 
of the sponge was also fixed, embedded and sectioned in order to locate the crystals 
with respect to the fibres. HRTEM and selected area diffraction techniques were 
also utilised to determine whether there was any preferred orientation of the crystals 
relative to the sponge matrix.
11.3.6: TEM Analysis of the Sponge Fibres
TEM examination of untreated fibres clearly showed nodules of iron oxide 
crystals. Figures 11.11a and b show 1.5pm diameter crystals on fibres of diameter 
2p.m. At increased magnification, in situ imaging of the nodules indicated that they 
actually consisted of a collection of fibrous crystals (Figure 11.12) which appeared 
to be enclosed within a membrane structure. There was no evidence for the 
precipitation of inorganic material on the external fibre surface.
11.3.7: Electron Diffraction 
Method 1
Structural identification of the iron oxide crystals was initially attempted by 
carrying out in situ analysis of the fibres. Selected area diffraction techniques were 
utilised to perform electron diffraction on the crystals at the edges of the fibre, 
where the effective thickness and corresponding scattering by the fibre would be at a 
minimum. However, no diffraction patterns were recorded, indicating that the fibre
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Figures 11.11a and b: Transmitted electron images of sponge fibres showing nodules 
corresponding to iron oxide crystals
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thickness w;as too great to enable patterns to be produced by this method.
Method 2
It was attempted to separate the iron oxide crystals from the sponge fibres. 
Isolated fibres were incubated with 2.5% hypochlorite solution so as to dissolve the 
organic material (7). The fibres were left in solution for 2 hours before repeating the 
process with fresh hypochlorite solution. The methodology was reiterated a number 
of times, and the washing solution was retained on each occasion.
No iron oxide crystals were located on sample grids taken of the washing 
solution, suggesting that any crystals removed from fibres were in too low a 
concentration to be readily located. The failure of hypochlorite digestion to separate 
the iron oxide crystals from the sponge fibres is consistent with the extremely stable 
nature of the skeletal spongin. Indeed, the fibres are very resistant to both 
collagenases and proteolytic enzymes (10,11).
Method 3
The sample was homogenised gently in a small quantity of water with a 
pestle and mortar. TEM grids were prepared from the resulting solution.
Results
d value (A) 
experimental










Table 11.3: Identification of the iron oxide crystals as lepidocrocite
Figure 11.12: TEM images of iron oxide crystals on fibres showing (1) the 
membrane enclosing the crystals, and (2) the fibrous form of the crystals
Figure 11.13: (a) Micrograph of isolated lepidocrocite crystals, and (b) 
corresponding electron diffraction pattern
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Examination of the sample grids showed that the technique was successful in 
removing some crystals from the fibres (Figure 11.13a). Electron diffraction 
analyses revealed that the iron oxide was well-crystalline lepidocrocite (Table 11.3, 
Figure 11.13b). The crystals were densely packed to form aggregates which 
approximated in size to the nodules present on fibres. This suggested each 
aggregate represented a complete granule removed from a fibre. Although the close 
association of the crystals makes any detailed description of the individual crystal 
morphologies more difficult, a network of fine crystals may still be distinguished 
within the aggregates. The "crushed paper" appearance of these crystals is 
characteristic of lepidocrocite (12).
11.3.8: Microscopy of Sectioned Sponge Samples
Preparation of Sections
Small portions of the sponge were taken from the original sample, and were 
washed thoroughly with phosphate buffer, the buffer was prepared by the addition of 
HC1 to 0.1M Na3P 04 solution to give a final pH of 7.4. The tissue was then soaked 
for 4 hours in a fixative solution of 2% glutaraldehyde in phosphate buffer. This 
solution was then removed by washing of the specimens with phosphate buffer over 
a period of 30 minutes. Post-fixation was accomplished using 1% osmium tetroxide 
in phosphate buffer for about 1 hour; the samples were then washed thoroughly with 
buffer solution to remove unreacted fixative. In preparation for embedding, the 
sponge portions were dehydrated using ethanol/water solutions of increasing ethanol 
concentration. They were soaked in 70% and 90% ethanol solutions for 10 minutes 
respectively, followed by two aliquots of 100% ethanol for 15 minutes each. Finally 
they were incubated in propylene oxide for 15 minutes in each of two volumes. 
TAAB medium hardness EM Resin was utilised to embed the samples. Infiltration 
of the resin into the tissue was achieved by incubating the dehydrated samples in 1:1 
resin/propylene oxide for 30 minutes, and then in 100% resin overnight. The tissue 




Figure 11.14: Section through spongin filament showing:
(1) Outer cuticle (2) Dense axial core (3) Microfibrils (4) Iron oxide crystals
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Figure 11.15: Sections through spongin Filaments, showing the differences in degree 
of mineralisation between filaments
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Thin sections were prepared on an OMU3 ultramicrotome, and were 
collected on 300 mesh Cu grids (13). The sections were stained using uranyl acetate 
and Reynolds lead citrate solution (14); sequential use of these stains provided better 
contrast than would be achieved from the application of either stain alone. The 
sample grids were placed, sections side downwards, on drops of 1% uranyl acetate 
solution; staining was carried out for 10 minutes in the dark to preclude precipitation 
of the uranyl acetate solution. The grids were then washed by placing each on a 
drop of water for about ten seconds before removing excess solution with absorbent 
paper. The staining procedure was completed by placing the grids on drops of 
Reynolds lead citrate solution for ten minutes. This was done in an atmosphere of 
sodium hydroxide to maintain a C 02-ffee environment and prevent the precipitation 
of lead carbonate. The grids were then washed again, and air-dried before viewing.
Results
Figures 11.14 and 11.15 show sections through fibres (the term fibre is used 
to describe spongin fibres and spongin filaments), providing information on their 
internal structures, and showing the spatial location of the iron oxide crystals with 
respect to the fibre ultrastructure. In cross section, the fibres comprise an outer 
dense cuticle and an internal axial core of diameter approximately 500nm, 
composed of closely-packed fibrils. Between these components lies a cylinder of 
less densely packed microfibrils (illustrated in Figure 11.14). This structural 
organisation demonstrates that these fibres are in fact the spongin filaments 
characteristic of Ircinia sponges, as discussed in Section 11.1.3; spongin fibres show 
a "banded" arrangement of microfibrils in the fibre cross-section (10). The fibres 
shown in Figure 11.14 and 11.15 demonstrate clearly the different degrees of 
mineralisation which can occur in adjacent filaments. In all cases, crystal growth 
can be observed principally at the perimeter of the fibre; smaller growths are limited 
by the outer cuticle, whereas larger masses develop beyond the cuticle boundary as 
mineralisation becomes extensive. A limited number of small crystal aggregates 
also occurred as discrete units within the fibre matrix. Higher magnification images
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Figure 11.16: Micrographs of lepidocrocite crystals in sectioned spongin filaments
Figure 11.17: HRTEM images of lepidocrocite crystals present in sections through 
filaments
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of the lepidocrocite crystals provided specific information on the association of the 
crystals with the microfibrils forming the filament interior (Figure 11.16). Those 
crystals extending beyond the cuticle were completely random in orientation, 
indicating that the fibre matrix exerted no influence on the direction of growth of 
these crystals. In contrast, many crystals present in the sub-cuticle layer showed 
preferential alignment with the microfibrils. The needle-like lepidocrocite crystals 
are of comparable diameter to the collagen fibrils (diameter of 20 to 30nm) and 
appear to be interdigitated between them. However, as growth extends towards the 
centre of the fibre, the crystals can be seen to show less correlation with the fibrils, 
and to acquire a dendritic structure. The crystal aggregates thus appear to develop 
from a nucleus adjacent to the cuticle, and grow into the fibre.
11.3.9: High Resolution Studies of Lepidocrocite Crystals
Figure 11.17 shows high resolution images of lepidocrocite crystals located 
in the sectioned sponge fibres. Images were recorded at 500K and 200 KV, and the 
measured fringe spacings were corrected according to a calibration performed on an 
oriented gold crystal calibrant under identical working conditions. The fringe width 
was determined as 6.26A, equivalent to (020) plane spacings of lepidocrocite. The 
observation of such fringes is consistent with the axis of elongation of the crystals 
being [001] (lepidocrocite is crystallographically described in the orthorhombic 
system) as is characteristic of lepidocrocite (15).
11.3.10: Mossbauer Spectroscopy
Mossbauer spectroscopy was carried out to confirm that the iron-containing 
mineral was lepidocrocite. Mossbauer spectra are very sensitive to the chemical 
environment of the iron nuclei, and may thus be utilised to identify particular 
minerals.
The spectra and corresponding analyses were produced by Dr D.P.E. 
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A portion of sponge, containing a minimum of 0.0 lg  of Fe (of which 2% is 
present as Fe57) was freeze-dried as described in Section 11.3.1. The sponge was 
reduced to small fragments prior to introduction into the sample holder, in order to 
achieve a large surface area. Spectra were obtained at 298K, 77K and 4.2K.
Results
The spectra of the sponge obtained at 298K, 77K and 4.2K are shown in 
Figures 11.18a, b and c respectively. The room temperature spectrum is a doublet, 
and has a chemical isomer shift and quadrupole splitting of 0.37 mms'1 and 0.62 
mms'1 respectively. Comparison of these values with the corresponding theoretical 
quantities for lepidocrocite of 0.30 mms'1 and 0.55 mms"1 respectively (16) shows 
good correlation. Additionally, the presence of a doublet at 298K precludes the 
presence of the commonly occurring biominerals hematite, magnetite and goethite 
(with the exception of small crystallite size goethite samples), since all exhibit 
sextets at room temperature (17,18). The form of the spectrum from goethite is 
particle-size dependant, with small particles yielding a doublet at room temperature 
(17). The doublet observed at 77K is also consistent with the data for lepidocrocite, 
and rules out the presence of both akaganeite, which is antiferromagnetic below 
295K, and small particle goethite, which displays a sextet at such temperatures. A 
sextet was observed at 4.2K, as is anticipated for lepidocrocite. Experimental values 
for the quadrupole splitting and hyperfine field were determined as 0.07 mms'1 and 
437 kG respectively, which are comparable with the predicted values of 0.1 mms'1 
and 46Q±5 kG for lepidocrocite (16).
The Mossbauer studies provided good confirmation that the sponge 
contained lepidocrocite. Data from the experimental spectra are consistent with 
those predicted for lepidocrocite, and the form of these spectra exclude the presence 
of the other commonly-observed iron biominerals goethite, hematite, akaganeite and 
magnetite. Indeed, lepidocrocite is the only well-crystalline iron oxyhydroxide 
which has a magnetic ordering temperature below liquid nitrogen temperature.
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11.4: DISCUSSION
The foregoing study showed that well crystalline lepidocrocite crystals were 
precipitated within the spongin filaments of Ircinia oros and that these crystals 
constituted the only iron oxide phase present. A review of the recognised iron 
biominerals (Section 9.1.2, Chapter 9) demonstrates that lepidocrocite is an unusual 
biomineral which has only previously been identified in chiton radula (19,20). 
Although this may seem at first surprising, since lepidocrocite may be readily 
synthesised at the pH levels and oxygen pressures typical of physiological 
environments (21), it must be considered that biomineralisation processes usually 
evolve so as to produce minerals optimised for a specific function (22). For 
example, the magnetic properties of magnetite are utilised in magnetotactic bacteria 
as a directional device; the poorly ordered structure of the ferrihydrite core in ferritin 
provides a labile form of iron. That lepidocrocite does not possess any outstanding 
physical properties may govern its absence in biological systems. Indeed, 
lepidocrocite forms only as a minor phase in chiton radula, being present as a thin 
layer lining the inner surface of the magnetite cap on the tooth surface. Porifera are 
therefore the only other organism as yet identified as controlling the precipitation of 
lepidocrocite, and are in fact unique in producing lepidocrocite in the absence of 
other iron biominerals.
However, although not active in altering the phase of iron oxide precipitated, 
Ircinia oros does provide a mechanism for the accumulation and subsequent 
deposition of lepidocrocite within the spongin filaments. Examination of thin 
sections through the filaments demonstrated that precipitation occurred primarily 
within the physical barrier imposed by the outer cuticle, and that the crystals were 
interdigitated between the microfibrils in the filament interior. The microfibrils thus 
appear to provide a favourable surface for the deposition of lepidocrocite, as may be 
anticipated on consideration of their (ghemical composition.
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11.4.1: The Structure and Chemilcal Composition o f Collagen
Spongin filaments constitute a type of collagen unique to Porifera (Section 
11.1.3). The term collagen refers to a group of glycoproteins present in all 
multicellular organisms, which are fibrillar in form and exhibit high tensile strength. 
The basic structural unit of collagen (tropocollagen), is a triple helix of polypeptide 
chains, each of which is approximately 3000A long and 15A in diameter (23-25) 
(Figure 11.19). The chains typically comprise about 1000 amino acids, and fold to 
generate secondary structures of left-handed, three-residue helices. The triple-helix 
conformation is maintained by hydrogen bonds between the H atoms on the NH 
groups of glycine, and the O atoms on the CO residues on other chains. The 
hydroxyl groups of hydroxyproline residues and bridging water molecules also 
participate in hydrogen bonding. Eleven different types of collagen have been 
identified (23), which vary according to the composition of individual chains; 
examples are given in Table 11.4. Type I collagen, the most prevalent species, 
contains two chains of one type a l ( l )  and one of another <x2(l).
Type I II m IV
Composition [<xl(D]2a2 [al(II)]3 [al(ni)]3 [al(IV)]2a2(IV)
Table 11.4: Examples of types of collagens
Although collagens of different species vary somewhat in amino acid 
sequence, this sequence is typically very regular, with the segments -Gly-X-Pro-, 
-Gly-Pro-X- and -Gly-X-Hyp- forming frequently repeated units. All collagens are 
characterised by a glycine level of approximately one third, and contain more 
proline than is typically found in other proteins. Indeed, the frequent proline 
residues determine the helical conformation, while the small glycine residues which 
occupy every third position facilitate close approach of the chains. Collagens also 
contain 4-hydroxyproline and 5-hydroxylysine which are two amino acids seldom 
exhibited by proteins (23-25). A proportion of the hydroxylysine residues are bound 
to oligiosaccharide side chains via the hydroxyl moiety. The side chain is frequently
Gly
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Figure 11.19: The structure of (a) a single polypeptide chain of tropocollagen and (b) the three-stranded tropocollagen molecule 
(From Reference (24))
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Figure 11.20: The structures of hydroxyproline and hydroxylysine
a disaccharide of glucose and galactose (Figure 11.21) and indeed, the attachment of 
glucosyl-galactose units may be anticipated to affect the structure and function of 
collagen. The number of carbohydrate units per tropocollagen is tissue specific, 
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Figure 11.21: A carbohydrate unit in collagen
Collagen fibrils are formed via the organised assembly of tropocollagen 
molecules. The fundamental structural design of a collagen fibre is that of a 
staggered array of tropocollagen molecules (Figure 11.22a) which gives rise to the 
characteristic banding pattern of collagen; electron microscopic examination shows 
a period of 680A as compared with the 3000A length of the tropocollagen unit. The
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three dimensional structure of collagen is as yet poorly understood, but Type I may 
be as shown in Figure 11.22b, where hole regions are aligned to yield grooves in the 
structure (25). Collagen is stabilised by the formation of covalent cross links. Such 
links, both within a tropocollagen molecule and between different molecules are 
formed by lysine and hydroxylysine residues. Intramolecular cross links are derived 
from a condensation of lysine side chains, while intermolecular cross links are 
formed by joining two hydroxylysine residues, and one lysine residue. Four 
residues in each tropocollagen molecule can participate in the intermolecular 
linkages which may develop between residues near the amino terminus of one 
tropocollagen and the carboxy terminus of another.
11.4.2; The Collagenous Skeleton of Ircinia Sponges
Ircinia variablis Spongin Filaments IntercellularCollagen
3 OH proline 13 15 24
4 OH proline 79 85 79
Aspartic acid 110 82 86
Threonine 24 27 43
Serine 19 20 42
Glutamic acid 83 80 104
Proline 67 74 63
Glycine 323 328 309
Alanine 83 101 63
Valine 24 28 39
1/2 Cystine 16 6 7
Methionine 2 3 traces
Iso-leucine 19 20 26
Leucine 23 22 33
Tyrosine 9 3 4
phenylalanine 10 9 10
Lysine 25 20 9
Histidine 4 5 2
Arginine 42 42 44
Hydroxylysine 25 30 13
Table 11.5: Amino acid composition of fibres comprising the skeleton 
of Ircinia variablis (From Reference (11))
A rigorous biochemical analysis of the intercellular collagen, spongin fibres 
and spongin filaments of Ircinia variablis was carried out by Junqua et al (11). The
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amino acid composition together with the presence of glycosyl galacotosyl 







% of total lysine hydroxylated 62.00 64.00
% of hydroxylysine glycosylated 48.00 70.00
Table 11.6: Fraction of total lysine hydroxylated and glycosylated 
in fibres from Ircinia variablis (From Reference (11))
The collagen fibrils displayed a transverse banding pattern of periodicity 22nm and 
amino acid analysis revealed a very high percentage of glycosylated hydroxylysine, 
in addition to high levels of aspartic and glutamic acids. The spongin filaments 
were composed of densely packed microfibrils of diameter 8nm, which were aligned 
in some parts of the fibre to yield a banding periodicity of 55nm. The spongin 
filaments characteristic of the Ircinia genus were also studied, and were typically 
comprised of helicoidally coiled elementary fibrils, organised to create a transverse 
banding pattern of periodicity 60nm. Analysis of the amino acid composition of the 
spongin fibres and filaments showed them to be of comparable composition.
Both intercellular collagens and spongin structures are characterised by very high 
percentages of glycosylated hydroxylysine residues. However, there are also some 
significant difference between these collagen structures, principally in the 
proportions of lysine, hydroxylysine, aspartic acid and alanine residues (Table 11.5). 
Intercellular collagen possesses higher threonine and serine contents, and lower 
lysine and hydroxylysine contents. Nevertheless, although containing less lysine 
and hydroxylysine than the filaments and fibres, intercellular collagen actually 
exhibits a higher level of disaccharide-linked hydroxylysine.
The total threonine and serine content of Ircinia intercellular collagen is
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similar to that of collagens from lower vertebrates and invertebrates. In contrast, 
this sum is significantly lower in Ircinia filaments and in spongin fibres, and is close 
to the value reported for higher vertebrates (11). However, the high hydroxylysine 
and hydroxylysine-bound disaccharide content, and the high 3-hydroxyproline 
content of the intercellular collagen and spongin structures in Ircinia resembles that 
of other invertebrate collagens (such as an anemone collagen) (11).
11.4.3: The Relationship of the Organic Matrix to Iron Deposition
The spongin filaments of Ircinia oros provided a favourable environment for 
the nucleation and growth of crystals of lepidocrocite. The accumulation and 
subsequent deposition of Fe within the filaments may be due to the binding of Fe 
ions to specific residues on the collagen chains. The resulting concentration of ions 
at the fibre surface would then favour iron hydrolysis and precipitation. The 
extremely low solubility of Fe oxyhydroxides facilitates their precipitation at very 
low concentrations of Fe.
It has been demonstrated that molecules exhibiting hydroxyl and carboxylate 
moieties can bind to the surfaces of iron oxides and hydroxides. Acyclic and cyclic 
sugars (26), as well as hydroxy-carboxylic molecules (27), have been shown to bind 
strongly to the surface of ferrihydrite (5Fe203.9H20), goethite (a-FeOOH) and 
hematite (a-Fe20 3). It was considered that the sugars bound to the mineral surfaces 
through the OH groups, while the hydroxy-carboxylic molecules adsorbed via OH 
and COOH groups. The relative binding efficiencies of these molecules may be 
rationalised in terms of differences in the stereochemistry and charge distribution of 
the functional groups. The hydroxy-carboxylic molecules are the most efficiently 
adsorbed, while the acyclic sugars were adsorbed more strongly than their cyclic 
counterparts. That Fe(III) is bound by carboxylate groups was also demonstrated by 
Beveridge and Murray (28,29), who noted the formation of crystallites of 
lepidocrocite on incubation of cell walls of Bacillus sublisis with Fe(III) solution. 
Modification of the carboxylate groups in the walls (29), which were principally
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provided by glutamic acid residues, resulted in a marked reduction in the number of 
crystallites produced.
The spongin fibres, spongin filaments and collagen fibrils in Ircinia sponges 
are rich in glutamic acid and aspartic acid residues, and also show high percentages 
of glycosylated hydroxylysine residues (11). The previous description suggests that 
these amino acids will act as binding sites for Fe ions, and on this basis, it would be 
anticipated that all of these structures could act as nucleation sites for lepidocrocite 
deposition. However, no evidence was obtained for the mineralisation of the 
intercellular collagen (no spongin fibres were studied). Thus, the amino acid 
composition of the fibres was not the sole determinant in defining the product of 
iron deposition. As shown in Figures 11.14 and 11.15, spongin filaments are 
comprised of oriented, densely packed microfibrils. In contrast, rough collagen 
fibrils, which occur widely in keratose sponges (3) and were observed in Ircinia 
orosy do not form organised bundles. Thus, the microfibrils in the filament interior 
provide a much higher density of potentially active functional groups than do the 
intercellular collagen fibrils, and the filament would be expected to be much more 
efficient in the accumulation of Fe ions than would isolated collagen fibrils. The 
high density of ions in the filament could then result in the hydrolysis and 
subsequent precipitation of the insoluble ferric hydroxide. This nucleus would 
provide a favourable surface for further deposition.
Thus, in common with all biomineralisation processes, the iron oxide is 
deposited in association with an organic matrix (19,20). However, it appears that 
the precipitation of lepidocrocite within Ircinia oros is simply fortuitous. The 
chemical composition and structure of the microfibrils comprising the spongin 
filaments combine to form an environment favourable to the concentration of Fe 
ions. The low solubility product of the iron hydroxides is readily exceeded, and 
lepidocrocite is precipitated. Indeed, that the phase of iron hydroxide produced is 
lepidocrocite is consistent with the theory of minimal biological intervention, since 
lepidocrocite is synthesised under laboratory conditions at physiological pH and 
oxygen concentration. It is unnecessary to invoke any active biological control over
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the precipitation process in order to interpret the observed mineralisation. With the 
notable exception of Porifera, the biomineralisation of iron occurs as phases which 
are not readily synthesised under physiological conditions. However, through the 
mediation of an organic matrix which has evolved so as to optimise the precipitation 
of a given mineral, an organism can influence the mineralisation process. For 
example, the controlled flux of ions into an isolated vesicular volume is thought to 
result in the precipitation of magnetite in magnetotactic bacteria; the structure of the 
protein, ferritin is designed to influence the precipitation of ferrihydrite. The present 
study provided no evidence for the development of a mechanism specific to the 
precipitation of iron.
In conclusion, this study suggests that the spongin filaments in Ircinia oros 
simply provide skeletal support. The precipitation of lepidocrocite within these 
filaments is adventitious, and occurs because the composition and ultrastructure of 
the filaments facilitate the nucleation and growth of iron hydroxide by an 
iron-concentration mechanism. However, although not serving a specific functional 
role, the concentration of iron as a precipitate may indirectly benefit the sponge by 
providing a mechanism for detoxification.
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CHAPTER 12 
SUMMARY AND FUTURE WORK
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12.1: SUMMARY OF W ORK DESCRIBED IN THESIS
Small particles were synthesised within restricted volumes, and the influence 
of the constrained environment on the particle size, structure and morphology was 
studied. The contrasting environments provided by the protein ferritin, and 
phospholipid and surfactant vesicles were utilised as "reaction vessels" in which to 
perform controlled syntheses. The precipitation of magnetite within intracellular 
vesicles in magnetotactic bacteria provided an in vivo example of controlled 
crystallisation. This was compared with the biomineralisation of iron occurring 
under minimal control in the Poriferan Ircinia oros.
Synthesis of Particles Within Ferritin
The ferritin molecule was used as an environment in which to carry out the 
controlled syntheses of inorganic particles. Nanometer-dimension iron sulphide 
particles were generated by reaction of the native ferritin cores with H2S and Na2S. 
Investigation of the particles by electron diffraction and Mossbauer spectroscopy 
demonstrated that only partial reaction of the native cores had occurred, and that the 
iron sulphide mineral produced was amorphous. The specificity of the protein 
towards the uptake and oxidation of a range of metal ions was investigated. Cores 
were not produced on reconstitution with Cr(II), Co(II) or Ti(III). Core formation 
was shown to be a complex process, depending on many factors, including the redox 
chemistry of the metal ions, the rate of oxidation and the charge to size ratio of the 
ion. However, evidence was obtained for the polymerisation of uranyl species 
within the protein shell.
The formation of Mn oxyhydroxide, and composite ferrihydrite/Mn 
oxyhydroxide cores within ferritin was studied. Ferritin may be reconstituted with 
Mn(II) at pH 8.9 to produce large, discrete cores, of low structural order. 
Examination of the cores by EXAFS demonstrated that they were of similar 
structure to p-MnOOH (feitknechtite). Mn oxyhydroxide cores were produced 
within apoferritin at a range of loading ratios, as well as in ferritin molecules seeded
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with a small ferrihydrite nucleus. Analysis of the resultant core size distributions 
showed that the reconstitution of horse spleen apoferritin with Mn(II) is in many 
ways analogous to the reconstitution of the mutant ferritin homopolymer rLF 
(human L chain) with Fe(II). The combined experimental evidence suggested that 
horse spleen apoferritin does not exhibit any Mn(II) oxidase activity. However, at 
pH values of approximately 9, the protein provides a core nucleation site, and 
precipitation is favoured in the protein as compared with bulk solution.
Magnetite particles were synthesised within the apoferritin shell by 
exploiting the inherent stability of the protein to elevated temperatures and pH 
values. The particles were prepared by reconstituting apoferritin with Fe(II) at 60°C 
and pH 8.5, at a controlled oxidation rate. The generally accepted influence of the 
protein in controlling the production of the poorly crystalline phase ferrihydrite was 
altered by reconstituting apoferritin under these non-physiological conditions.
Crystallisation within Vesicles
Gold crystallites were precipitated within PC (egg yolk phosphatidylcholine) 
liposomes. The intravesicular particles showed smaller diameters, regular 
morphologies and no aggregation as compared with crystals produced in the 
extravesicular volume or in homogeneous solution. The influence of the membrane 
on the nucleation and crystal growth events was investigated by performing the 
crystallisation in vesicles of varying compositions. Systematic alteration of the 
membrane composition was achieved through the addition of secondary lipids to the 
basic PC membrane component. The addition of stearylamine to the vesicles 
resulted in a marked increase in the number of intravesicular precipitates, and was 
notably characterised by large quantities of interlamellar precipitation. The 
membrane was considered to provide an energetically-favoured nucleation site for 
the gold crystallites. Further crystal growth was then concentration-limited by the 
volume of encapsulated gold complexes.
Silver particles were precipitated specifically within unilamellar surfactant 
vesicles. An electropermeabilisation method was utilised to encapsulate AgN03
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solution within DHP (dihexadecyl phiosphate) vesicles without accompanying 
reduction. Unencapsulated ions were separated from the vesicles by cation 
exchange chromatography. Reduction of the intravesicular silver ions was achieved 
by laser photolysis, and was monitored as a function of time by recording the 
absorption of the silver product at a characteristic wavelength by visible 
spectroscopy.
Crystallisation in Biological Systems
The biomineralisation of magnetite (Fe30 4) within two strains of cultured 
magnetotactic bacteria, designated MV-2 and MC-1, was studied by TEM. MC-1 
represented the first successful isolation of a coccoid bacteria in pure culture. Both 
strains produced magnetosomes of morphologies inconsistent with those anticipated 
on the basis of the cubic symmetry of the magnetite crystal lattice. The 
magnetosomes were elongated in a <111> direction and were truncated by the same 
sets of low index faces. However, the relative importance of these faces differed 
between species. Examination of immature crystals in MV-2 and MC-1 showed that 
structural control was imposed at early stages of growth. The effect of the culture 
medium on the magnetosomes produced by MC-1 was also investigated. The 
morphologies of the crystals suggested that growth had been more rapid in an 
acetate as compared with a sulphide medium.
Iron biomineralisation within the sponge Ircinia oros was also studied. The 
iron phase was identified as pure lepidocrocite (y-FeOOH) by electron diffraction 
and Mossbauer spectroscopy. The crystals were of lath-like morphology, and were 
located within the spongin filaments characteristic of Ircinia sponges. No 
association of iron crystals with intercellular collagen was identified. Deposition 
was considered to derive from the binding of iron ions to aspartic acid, glutamic acid 
and saccharide-linked hydroxylysine residues. Further concentration of iron 
complexes in the filaments would favour the precipitation of ferric hydroxides. The 
deposition of iron hydroxide within the spongin skeleton did not appear to serve any 




The work described in this thesis demonstrates that small particles of 
controlled size, structure, aggregation and morphology can be synthesised within the 
spatial and chemical boundaries imposed by organised organic assemblies. Both the 
dimensions and structure of the reaction environment are important in defining the 
product of reaction. It is envisaged that, as greater insight is gained into the 
mechanisms involved in crystal nucleation and growth, it may be possible to design 




The failure of ferritin to develop cores from the metal ion systems described 
in Chapter 3 was attributed in part to unsuitable reaction conditions. It was 
considered that too rapid an oxidation rate was operative to facilitate reconstitution 
of the protein with Cr(II). Preparation of solutions in an anaerobic environment, and 
subsequent controlled oxidation may constitute conditions in which the oxidation 
and nucleation events are favoured in the protein as compared with the bulk 
solution. Similarly, it may be possible to develop cores from species such as 
Eu(n)/Eu(III) (an NMR shift reagent) which requires anaerobic conditions to 
prepare the lower oxidation state.
Examination of the cores by EXAFS suggested that they were 
structurally-similar to the mineral feitknechtite ((3-MnOOH). Further elucidation of 
the core structure could be gained from EPR spectroscopy. It would also be 
interesting to investigate the composite ferrihydrite/Mn oxyhydroxide cores by 
Mossbauer spectroscopy. Comparison of the spectrum from a small ferrihydrite 
core with that from the same core after further reconstitution of the protein with
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Mn(II) could yield information on the core-growth mechanism. The mechanisms 
involved in the development of Mn h;ydroxide cores within ferritin are as yet poorly 
understood. Considerable insights into the processes involved in the reconstitution 
of apoferritin with Fe(II) were gained through the study of the reconstitution of 
ferritins modified by site-directed mutagenesis (1-3). Monitoring the kinetics of 
Fe(II) oxidation and core formation, and investigating the morphology and structure 
of the cores formed within mutant ferritins enabled the activity of ferritin to be 
elucidated at a molecular level. It is envisaged that similar studies of the 
reconstitution of mutant apoferritins with Mn(II) could identify the residues 
important in the formation of Mn hydroxide cores. The work described in Chapter 4 
suggests that horse spleen apoferritin does not exhibit any Mn(II) oxidase activity. 
The ferroxidase behaviour of ferritin has been assayed by carrying out the 
reconstitution of apoferritin with Fe(II) in the presence of transferrin (3,4). The 
catalytic activity of the protein was measured in isolation from the core formation 
process by monitoring the formation of the Fe(III)-transfenin complex. Analogous 
experiments on the reconstitution of apoferritin with Mn(II) could be performed to 
determine the Mn(II) oxidase activity of ferritin. Further information on the 
structure of the Mn oxyhydroxide cores could be gained from EPR studies.
A chemical route to the precipitation of magnetite within ferritin was 
described. Although successful in producing cores, this methodology did not 
produce large yields. The electrochemical reduction of native ferritin cores may 
provide an alternative route to the synthesis of magnetoferritin. Such a procedure 
enables the core to be reduced to a predetermined level; minimal loss of iron from 
the protein occurs and any free ions can be separated from the protein by anaerobic 
gel chromatography. Subsequent heat treatment of the partially-reduced protein 
could result in transformation of the core to magnetite. This method would enable 
large quantities of product, free from non-specific oxides, to be produced. The 
anaerobic environment in which this synthesis is carried out would also enable the 
oxidation of the magnetite core to maghemite to be carefully controlled. The 
production of large amounts of magnetoferritin would then enable the cores to be
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investigated by such techniques as Mossbauer spectroscopy and EXAFS, and also 
permit magnetic measurements to be made. All of these procedures demand 
relatively large quantities of material.
Vesicles
As discussed in Chapter 7, the precipitation of gold within multilamellar 
liposomes constitutes a complex system in which to investigate the influence of a 
membrane on crystallisation. A more basic system would be generated by Langmuir 
monolayers. That the gold complex reacted with the lipids themselves resulted in a 
nucleation event which could not be carefully controlled. A more stable gold 
complex, requiring reduction to be initiated by an added reactant, would provide a 
better alternative.
It would be interesting to synthesise bimetallic particles within unilamellar 
surfactant vesicles, in order to investigate the influence of the membrane on the 
developing crystallites. Surfactant vesicles exhibit greater structural and chemical 
stability than do unilamellar phospholipid vesicles. It is conceivable that either 
separate phases may be produced, or indeed, it has been demonstrated that new 
materials can be produced within the confined intravesicular volume (5). 
Encapsulation of PdCl2 and RhCl3, followed by reduction with hydrogen gas at 
ambient temperature and pressure, may constitute a suitable system.
Biological Systems
The mechanism of crystal growth in magnetotactic bacteria is poorly 
understood. Further insight into the process of magnetite biomineralisation could be 
gained by studying the magnetosomes at early stages of growth, and by investigating 
the influence of the culture medium on crystal growth. As was discussed in Chapter 
11, two proteins unique to the magnetosome membrane have been isolated (6). It 
would be interesting to synthesise magnetite in the presence of each of these 
proteins in an in vitro system in order to determine whether their presence as 
additives have any morphological influence on the growing magnetite.
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A l: TRANSMISSION ELECTRON MICROSCOPY
TEM was carried out using a JEOL 2000FX or a JEOL 1200EX transmission 
electron microscope (TEM), both of which were fitted with Link Elemental 
Dispersive X-Ray Analysis (EDXA) detectors. Construction details of these 
instruments are given in Reference (1).
A l.l:  Operation of the Microscope
A schematic representation of a TEM is given in Figure Al . l .
Electron Gun: The vast majority of TEM’s use a thermionic triode electron gun, 
which acts as both an electron source and as a preliminary condenser lens. High 
energy electrons are emitted from the filament and are accelerated towards an 
anode; application of a bias across the Wehnelt cap then causes the gun system to 
act both as a triode valve and as an electrostatic lens.
The Condenser System: The main functions of the condenser lenses are to 
demagnify the electron beam and to control the effective diameter and convergence 
angle of the beam as it contacts the sample. In the double condenser system, the 
first condenser lens sets the demagnification of the gun crossover at a pre-defined 
spot size, while the second condenser lens provides control over the convergence 
angle, and thus over the illumination at the sample (Figure A 1.2). Use of a small 
spot size both minimises sample degradation and optimises resolution.
Condenser Aperture: The second condenser lens is equipped with an aperture 
which physically limits the beam striking the specimen, and thus limits excessive 
heating of the sample and the generation of X-rays. The insertion of the aperture 
influences resolution, with a larger diameter aperture yielding poorer image quality.
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EG - Electron Gun 
CL - Condenser Lenses
G - Goniometer
IPL - Intermediate and 
Projector Lenses
WC - Wehnelt Cap 
CA - Condenser Aperture 
OL - Objective Lenses 
VP - Viewing Port 
PC - Photographic Chamber
A - Anode
OA - Objective Aperture
SAA - Selected Area 
Aperture
FS - Fluorescent Screen
Figure Al . l :  Schematic diagram of a transmission electron microscope
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Specimen Chamber: Sample grids #re inserted into the microscope via a specimen 
rod. The position of the specimen hollder may in turn be adjusted to a eucentric 
height, such that tilt about a horizontal axis does not result in image translation.
The Objective Lens: The role of the objective lens is to form the first intermediate 
image, and as such, its performance is important in defining the ultimate image 
resolution. Astigmatism correction is essential, and is achieved by creating a 
cylindrical deflecting field in the objective lens. The objective aperture is inserted 
into the back focal plane of the objective lens, and controls the proportion of 
electrons emitted from the sample which contribute to the final image.
The Projector System: The objective lens generally produces an image magnified 
between 50 and 100 times. This image is further magnified by a series of 
intermediate and projector lenses, with the total magnification of the lens system 
being defined by the product of the magnifications provided by each of the 
individual lenses. In practice, the majority of the magnification derives from the 
first projector (intermediate) lens.
A1.2: Resolution
The theoretical resolution of an electron microscope is given by the 
expression A = 0.61 A/a, where a  is the half-angle subtended by the aperture, and A, 
is the wavelength of the electron beam. The wavelength of the electron beam is 
given by the expression
where E is the operating voltage of the microscope, and rr^  is the rest mass of the 
electron. Therefore, the operating voltage directly affects the microscope resolution, 
with a higher voltage yielding superior resolution. However, the resolution limit
h
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predicted is not in practice achievable? due to the presence of lens aberrations. 
Chromatic aberrations, which derive from a distribution of wavelengths in the 
incident electron beam, can be virtually eliminated by using electrons which exhibit 
a very narrow range of wavelengths. Monochromatic aberrations (principally 
spherical aberrations), which arise from differences in the path lengths from an 
object point to an image point, are not so readily removed. Their effects may be 
minimised by restricting the electrons involved in image formation to those 
travelling close to the optical axis. This is achieved through the insertion of a small 
objective aperture. However, because diffraction effects may also be associated 
with the use of an aperture, there exists an optimum size of aperture which yields the 
best net resolution. This diameter is given as: 
a opt= 0-67 X1/4 Cs'1/4 
where Cs is the lens aberration coefficient.
A1.3: Mode of Operation
The microscope may be operated such that a transmitted image of the 
specimen is achieved, or so that a diffraction pattern is generated. Figure A 1.3 
shows a diagrammatic representation of the two operational modes.
Imaging Mode: The intermediate lens magnifies the intermediate image produced 
by the objective lens. Further magnification is produced by the projector lenses, to 
create a final image of the specimen.
Diffraction Mode: The intermediate lens is focused on the back focal plane of the 
objective lens where the diffraction pattern generated by the sample is located 
(Figure A 1.2). Subsequent magnification of the diffraction pattern is then controlled 
by the projector lenses, and is described in terms of the camera length, 1 (Figure 
A 1.4). The area of the sample contributing to the diffraction pattern may be 
controlled via the insertion of a selected area aperture in the image plane of the first 
intermediate lens. Diffraction patterns produced in the microscope may be readily
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Figure A1.3: A comparison of the optical configurations yielding (a) an image of the 
specimen, and (b) selected area diffraction (From Reference (2)).
S = Sample O = Objective Lens oa =Objective Aperture
saa = Selected Area Aperture 11,12 = Intermediate Lenses P = Projector Lens
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interpreted on the basis of simple geometrical considerations, and through 
application of the Bragg equation to describe small-angle diffraction. Using the 
nomenclature defined in Figure A1.4, the spatial separation of diffraction spots from 
the central beam (r) can be related to the lattice spacing of the diffracting crystal 
planes as:
r = M/d where d is the crystal plane spacing
A1.4: Image Contrast
There are two important mechanisms which produce image contrast in the 
electron microscope.
(1) Amplitude Contrast: Amplitude contrast effects arise when a proportion of the 
electrons incident on a sample are either elastically or inelastically scattered, such 
that they fail to contribute to the final image; the objective aperture excludes 
scattered electrons from the beam forming the final image. Thus, such contrast 
necessarily varies with the sample thickness and composition, since these factors 
determine the proportion of elastic and inelastic scattering events. Diffracting 
samples also display a form of amplitude contrast termed "diffraction contrast", 
because the diameter of the objective aperture can be selected so as to exclude 
diffracted electron beams.
(2) Phase Contrast: When the electron beam is incident on a very thin specimen (< 
30A), a proportion of the electrons pass close to atoms, and are deflected by an 
angle that depends on the atomic number, and on the distance of closest approach. 
Such a scattering event introduces a phase difference between the incident and 
deflected waves. If the specimen under investigation is thin, each beam electron 
will not exhibit more than one scattering event; single scattering conditions hold. 
Additionally, the scattered beam electrons will only be deflected through small 
angles, and thus nearly all pass through the objective aperture. Contrast is 










Figure A 1.4: Diagram showing geometry of diffraction pattern
Aperture
Two beams symmetrically located 
about the transmitted beam
Lattice fringes
Figure A 1.5: Generation of a two-beam lattice image
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Inelastically scattered electrons do no>t contribute to phase contrast effects because 
they are incoherent with respect to the incident beam.
A1.5: High Resolution TEM
Phase contrast effects may be employed to generate an image of the periodic 
potential of a specimen. Images of crystalline specimens are generally formed by 
recombination of one or two diffracted beams with the transmitted beam (Figure 
A 1.5). A periodic fringe image is produced as a result of phase interference between 
these beams. Under certain, well-defined conditions, the spacing of the fringe image 
corresponds to that of the reflecting planes producing the diffracted beams.
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A2; MOSSBAUER SPECTROSCOPY
A2.1: Physical Basis of the Technique
The technique of Mossbauer spectroscopy is based upon the recoilless 
emission and absorption of y-ray photons by certain nuclei present in solids (1-5). 
The radiation utilised is characterised by a very narrowly-defined energy spectrum, 
which leads to resonant absorption of very high precision. The value of the 
Mossbauer effect in structural investigation derives from its ability to detect slight 
variations in the nuclear energy levels; the Mossbauer nucleus acts as a probe of the 
chemical and physical state of the atom in which the nucleus is situated.
Although the Mossbauer effect has been applied to a number of nuclei 
including Fe, Sn, Sb and I, it remains most effective in the study of Fe. The 
Mossbauer-active isotope of Fe is 57Fe, which has a 2% natural abundance. 
Resonance is achieved using radiation emitted from a 57Co source (Figure A2.1). 
57Co spontaneously undergoes electron capture to give metastable 57Fe. Relaxation 
via an 1=3/2 to 1=1/2 transition results in emission of a y-ray of energy 14.4keV 
which provides the source utilised in 57Fe Mossbauer.
The Mossbauer effect is necessarily restricted to nuclei present in solids.
The energy of photons involved in the absorption/emission events of isolated atoms 
are modified by recoil of the excited nuclei. When the nuclei are embedded in a 
solid matrix, the momentum change accompanying the emission/absorption event is 
taken up by the entire mass of the solid, and thus negligible recoil occurs; the y-ray 
energy equals the separation of the nuclear energy levels. In a real solid, recoilless 
emission/absorption does not accompany each nuclear emission/absorption event 
since, at certain y-ray energies, quanta of lattice vibrations may also be excited. 
However, if the phonon energy is low, there is a finite probability that no phonon 
will be created and only a fraction of recoil events result in energy transfer to the 
lattice.
The proportion of radiation absorption is defined by the degree of overlap
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Figure A2.1: The decay scheme for Co57 
Emitted y-Ray Absorbed y-Ray











Figure A2.3: Experimental arrangement for Mossbauer spectroscopy (From 
Reference (3))
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between the emitter and absorber eneffgy distributions. Obviously, the presence of 
nuclear recoil severely limits the degiree of resonance overlap (Figure A2.2). The 
mean lifetime of the excited state also has an important influence on the y-ray 
energy distribution, since the relatively long lifetime of the excited state (as 
observed for 57Fe) defines a very narrow linewidth. Thus, the energy characterising 
the resonance absorption may be defined to a high degree of precision.
Mossbauer spectroscopy utilises the high resolution of the resonant 
absorption in order to investigate the variation in the nuclear energy levels with the 
nuclear environment. The energy scan is provided experimentally by moving the 
source relative to the sample, and thus inducing a Doppler shift of the emitter 
(Figure A2.3). Resonance occurs when the effective y-ray energy equals the 
separation of the absorber nuclear energy levels. The resulting spectrum consists of 
a plot of transmission against the source velocity, and displays a minimum at the 
resonance position.
A2.2: Information from Mossbauer Spectroscopy
The influence of the external environment on the energy levels of an 
absorber nucleus is discussed in terms of hyperfine interactions. These are classified 
into three main categories: chemical isomer shift, quadrupole splitting and magnetic 
splitting (1-3).
Chemical Isomer Shift
The chemical isomer shift is defined as the location of the Mossbauer 
spectrum relative to the zero velocity position (Figure A2.4). It derives from the 
coulombic interaction of the nuclear charge with the electronic charge density at the 
nucleus, and is thus defined by the s-electron distribution at the nucleus. This will 
be affected not only by the s-electron population, but also by the screening effects of 
p, d and f electrons. The principal influence on the chemical isomer shift will be by 
the outermost s-level, because the inner shells are not markedly affected by
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Figure A2.4: Schematic diagram showing how the electric monopole (a), electric 
quadrupole (b), magnetic dipole (c) and combined electric quadrupole and magnetic 
dipole(d) hyperfine interactions affect the nuclear energy levels of 57Fe and the 
Mossbauer spectra (From (3))
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chemical bonding. Shielding by othe?r electrons effectively increases the s-radial 
functions and decreases the s-density7 at the nucleus. Thus, the chemical isomer shift 
is sensitive to the oxidation state, the degree of covalency and the nature of the 
ligands coordinated to the Mossbauer atom.
Quadrupole Interaction
All nuclei possessing a spin quantum number in excess of 1=1/2 exhibit a 
non-spherical charge distribution. In a chemically-bonded atom, the electric field 
gradient at the nucleus usually has a finite value, due to asymmetry in the electronic 
charge distribution and the presence of external charges. Consequently, the 
interaction energy between the electric quadrupole moment of the nucleus and the 
electric field gradient differs according to the orientation of the nuclear axis with 
respect to the principal axis. This partly lifts the degeneracy of the (21 + 1) nuclear 
spin levels, and a variation in energy between levels which differ in the magnitude 
of the magnetic quantum number, mj, is observed. For an 1=3/2 nucleus, this results 
in the appearance of a doublet in the spectrum (Figure A2.4); the permitted 
transitions are limited by the selection rule Amx = 0, ±1.
Magnetic Hyperfine Interactions
The third important hyperfine interaction is the nuclear Zeeman effect which 
occurs if there is a magnetic field at the nucleus. This results in a complete 
breakdown in the degeneracy of the ±mj levels of a given nuclear spin state. The 
Zeeman effect of the Mossbauer spectrum may be induced either via external 
magnetic fields, or by internal magnetic fields arising from the magnetic moment of 
the Mossbauer atom itself, or from magnetic order in the sample as a whole. For a 
nuclear spin of 1=3/2, a spectrum consisting of 6 lines is formed. The hyperfine and 
quadrupole splittings may act simultaneously to modify the spectrum, as shown in 
Figure A2.4.
In the case of 57Fe, the magnetic splitting is most frequently observed in 
magnetically ordered materials, and the effective field strength is characteristic of
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the oxidation and spin states of the inon atoms. Measurement of magnetic splitting 
is dependent on the rate of magnetic relaxation. Phenomena such as ferromagnetism 
and antiferromagnetism are characterised by relatively slow relaxation rates, and 
splitting is recorded; rapid relaxation in paramagnetic compounds results in an 
average magnetic field at the nucleus of zero, and no splitting is observed. Since the 
rate of relaxation is temperature-dependent, the magnetic splitting of spectra is also 
a function of temperature.
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A3: THE IONIC DOUBLE LAYER THEORY 
A3.1: Gouy-Chapman Theory
When two phases are in contact, the phase boundary often carries a net 
charge due to the presence of ions; at a solid/liquid interface for example, a net ionic 
charge may arise through the preferential adsorption of one ionic species from the 
liquid phase. The ionic composition of the solution in equilibrium with the surface 
may be discussed in terms of the Gouy-Chapman theory of the diffuse double layer.
Considering an infinite planar surface bearing a smeared surface charge, the 
distribution of ions in the solution in a direction normal to the surface may be 
described by the Boltzmann equation:
Ni(x) = N^oo) exp - zj e <p(x) - <p(oo)H
where Nj are the number of ions per unit volume of species i and valence zx at 
distance x from the interface, and <p is the electrostatic potential.
The relationship between the electrostatic potential and the space charge density 
p(x) is given by the Poisson equation:
32<p(x) . p(x)
POO = 7  ^e' Nj(x)
3x2 6^0
Combination of these equations, together with the application of appropriate 
boundary conditions yields an expression for the charge density on the surface of the 
membrane, a.
a  = fc^okT ^  NjO-o) |  exp '-5 1  f  <p(0) - <p(~) 1 -1  j 1/2




Stern Theory extends basic double layer theory by considering that ions 
possess a finite size, and thus cannot approach a surface more closely than the 
effective radius. Additionally, it recognises that at small distances from the surface, 
specific chemical interactions may occur between the ions and the surface (Figure
Figure A3.1: (a) The electrical double layer and (b) the decay of 
potential with distance from the surface, according to Stern Theory 
(From Reference (1))
The total surface charge a  is considered to balance the charge of ions in the Stem 
layer a st and the charge of ions in the diffuse layer ad:
a = (orst + ad)
If (N^j is the number of ions of species i adsorbed per unit area of the Stern layer:
A3.1).
b
t Distance from surface, x
Ni is calculated on the basis of a Langmuir adsorption isotherm:
K+x+ = -----——




where : x+ = mole fraction of positive ion
Ns = number of adsorption sites per unit surface area
K+ = equilibrium constant defining absorption of positive ion
e + = fraction of surface covered by positive ion
On assumption that z+ = z. = z and x+ = x. = x, the above equations may be 
combined to give:
z e' Ns x (K+ - K.)
<*st= -----------------------------------
1 + x (K+ + K.)
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